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Abstract 
The objective of work described in this thesis was to synthesize water soluble polymers with 
drag reducing properties that would expand the understanding of the relationship between the 
molecular structure of polymers and drag reduction performance. The additional aim of this 
study was to identify suitable additives that would enable removal of associating polymers from 
the low permeability reservoirs. The copolymers of acrylamide and two hydrophobic monomers, 
n-decyl- and n-octadecyl acrylamide were prepared using micellar polymerisation. Polymers of 
N-hydroxyethyl acrylamide were also prepared via the same method. Water soluble polymers of 
styrene and butadiene were acquired by sulfonation of poly(styrene-block-butadiene) with acetyl 
sulfate. The evidence of the incorporation of hydrophobic monomers, sulfonic acid groups into 
copolymers and the concentration of hydrophobic moieties was studied using NMR, FT-IR and 
Elemental Analysis. The influence of the degree of sulfonation on the flexibility of polymers and 
polymer degradation temperatures were investigated by DSC, DMA and TGA. The associating 
properties of polymers were studied using Dynamic Light Scattering and rheology. The drag 
reducing properties were quantified using a standard rheometer equipped with a Couette double-
gap measuring geometry, by calculating the percentage of drag reduction (% DR) based on 
apparent viscosity. The extent of adsorption and desorption of polymers from silica was studied 
by Total Organic Carbon. 
From the obtained results it was clear that the associating properties of polymers synthesised in 
this thesis were dependent on the concentration of hydrophobic moieties. In addition, the 
formation of hydrophobic associations and the polymer coil dimensions were found to greatly 
influence the drag reducing properties and shear resistance of copolymers. It was found that 
hydrophobically modified polyacrylamide promoted higher drag reduction in comparison to 
unmodified polyacrylamide. In addition, introduction of a small amount of hydrophobic moieties 
was found to impart drag reducing properties in poly(N-hydroxyethyl acrylamide). Moreover, 
water soluble sulfonated poly(styrene-block-butadiene) showed high drag reduction efficiency at 
extremely low molecular weights below the required lower molecular weight limit necessary to 
produce excellent drag reduction effect. Furthermore, the sulfonation of poly(styrene-block-
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butadiene) resulted in the reduced thermal stability of polymers and an increase in the degree of 
sulfonation resulted in the decrease in the flexibility of polymer chains. 
The extent of adsorption of polymers of acrylamide on silica was found to increase with 
molecular weight of polymers and was higher for hydrophobically modified polyacrylamide due 
to the formation of intermolecular associations between copolymer chains. The desorption 
capability of copolymers with the aid of Cyclodextrin was demonstrated and was found to 
depend on the type of Cyclodextrin used and on the concentration of hydrophobic moieties. 
Nearly 100 % of the adsorbed polymer was recovered when even small concentrations of β-
Cyclodextrin were applied. Additionally, partial desorption of polyacrylamide with the aid of α 
and β-Cyclodextrin was also achieved. 
  
5 
 
Table of Contents         
Declaration ...................................................................................................................................... 2 
Abstract ........................................................................................................................................... 3 
Acknowledgments........................................................................................................................... 8 
Publications ................................................................................................................................... 10 
Poster Presentations ...................................................................................................................... 10 
List of Figures ............................................................................................................................... 11 
List of Tables ................................................................................................................................ 19 
Abbrevations ................................................................................................................................. 21 
Symbols......................................................................................................................................... 24 
CHAPTER 1 INTRODUCTION ............................................................................................... 26 
1.1. Project Aims ........................................................................................................................... 29 
1.2. Thesis structure ...................................................................................................................... 30 
CHAPTER 2 BACKGROUND .................................................................................................. 31 
2.1. Drag reduction ....................................................................................................................... 31 
2.2. Polymeric drag reducing agents ............................................................................................. 33 
2.3. Water soluble polymeric drag reducing agents ...................................................................... 37 
2.4. Degradation of polymeric drag reducing agents .................................................................... 39 
2.5. Association of polymers and drag reduction ......................................................................... 40 
2.6. Intra- and intermolecular association breakers ...................................................................... 42 
2.7. Synthesis of hydrophobically modified water soluble polymers ........................................... 44 
2.7.1. Polyacrylamide (PAAm) ..................................................................................................... 45 
2.7.2. Polyacrylic acid (PAA) ....................................................................................................... 47 
2.7.3. Poly(ethylene oxide) (PEO) ................................................................................................ 49 
2.7.4. Poly(vinyl alcohol) (PVA) .................................................................................................. 51 
2.7.5. Poly(N-hydroxyethylacrylamide) (PHEAAm) ................................................................... 54 
2.7.6. Biopolymers ........................................................................................................................ 56 
2.7.7. Polystyrene polymers, copolymers and terpolymers .......................................................... 58 
2.7.8. Polyisoprene copolymers and terpolymers ......................................................................... 63 
CHAPTER 3 EXPERIMENTAL METHODS ......................................................................... 65 
3.1. Materials ................................................................................................................................ 65 
3.2. Synthesis of hydrophobically modified polyacrylamide copolymers .................................... 66 
3.2.1. Micellar copolymerisation of acrylamide and n-decyl acrylamide ..................................... 66 
3.2.2. Micellar copolymerisation of acrylamide and n-octadecyl acrylamide .............................. 70 
  
6 
 
3.2.3. Synthesis of polyacrylamide (PAAm0) .............................................................................. 71 
3.3. Synthesis of hydrophobically modified poly(N-hydroxyethyl acrylamide) copolymers ...... 72 
3.3.1. Micellar copolymerisation of N-hydroxyethyl acrylamide and n-decyl acrylamide .......... 72 
3.3.3. Synthesis of poly(N-hydroxyethyl acrylamide) (PHEAAm0) ............................................ 74 
3.4. Synthesis of sulfonated poly(styrene-block-butadiene) ......................................................... 75 
3.4.1. The synthesis of acetyl sulfate ............................................................................................ 75 
3.4.3. Sulfonation of poly(styrene-block-butadiene) with acetyl sulfate ...................................... 77 
3.5. Characterisation methods ....................................................................................................... 78 
3.5.1. Nuclear Magnetic Resonance Spectroscopy (NMR) .......................................................... 78 
3.5.2. Fourier Transform Infrared Spectroscopy (FT-IR) ............................................................. 79 
3.5.3. Gel Permeation Chromatography (GPC) ............................................................................ 79 
3.5.4. Differential Scanning Calorimetry (DSC) .......................................................................... 80 
3.5.5. Dynamic Mechanical Analysis (DMA) .............................................................................. 80 
3.5.6. Thermal Gravimetric Analysis (TGA) ................................................................................ 80 
3.5.7. Elemental Analysis (EA) .................................................................................................... 80 
3.5.8. Determination of hydrophobic monomer content in copolymers ....................................... 81 
3.5.9. Determination of the degree of sulfonation ........................................................................ 84 
3.5.10. Dynamic Light Scattering (DLS) ...................................................................................... 85 
3.5.11. Rheology ........................................................................................................................... 86 
3.5.12. Instantaneous and time dependent drag reduction measurements .................................... 87 
3.5.13. Adsorption and desorption study of polymers on silica .................................................... 90 
3.5.14. Determination of solubility of sulfonated polymers ......................................................... 91 
3.5.15. Determination of solubility of hydrophobically modified polyacrylamide and poly(N-
hydroxyethylacrylamide) copolymers .......................................................................................... 92 
CHAPTER 4 HYDROPHOBICALLY MODIFIED POLYMERS OF ACRYLAMIDE .... 93 
4.1. Introduction ............................................................................................................................ 93 
4.2. Results and discussion ........................................................................................................... 94 
4.2.1. Synthesis and characterisation of polymers of acrylamide ................................................. 94 
4.2.2. Rheology of polymers of acrylamide ................................................................................ 102 
4.2.3. Instantaneous drag reduction study of polymers of acrylamide ....................................... 105 
4.2.4. Time dependent drag reduction of polymers of acrylamide ............................................. 109 
4.2.5. Influence of solvent quality on drag reduction of polymers of acrylamide ...................... 115 
4.3. Summary .............................................................................................................................. 117 
CHAPTER 5 INFLUENCE OF CYCLODEXTRINS ON THE BEHAVIOUR OF THE 
POLYMERS OF ACRYLAMIDE .......................................................................................... 120 
5.1. Introduction .......................................................................................................................... 120 
  
7 
 
5.2. Results and discussion ......................................................................................................... 121 
5.2.1. Influence of Cyclodextins on the deactivation of hydrophobic interactions in polymers of 
acrylamide ................................................................................................................................... 121 
5.2.3. Adsorption of polymers of PAAm and desorption from silica using Cyclodextrins ........ 136 
5.3. Summary .............................................................................................................................. 139 
CHAPTER 6 HYDROPHOBICALLY MODIFIED POLYMERS OF N-
HYDROXYETHYL ACRYLAMIDE ..................................................................................... 141 
6.1. Introduction .......................................................................................................................... 141 
6.2. Results and Discussion ........................................................................................................ 142 
6.2.1. Synthesis and characterisation of polymers of N-hydroxyethyl acrylamide .................... 142 
6.2.2. Rheology of polymers of N-hydroxyethyl acrylamide ..................................................... 147 
6.2.3. Instantaneous drag reduction study of polymers of N-hydroxyethyl acrylamide ............. 151 
6.3. Summary .............................................................................................................................. 155 
CHAPTER 7 SULFONATED COPOLYMERS OF STYRENE AND BUTADIENE ....... 157 
7.1. Introduction .......................................................................................................................... 157 
7.2. Results and discussion ......................................................................................................... 158 
7.2.1. Sulfonation of poly(styrene-block-butadiene) .................................................................. 158 
7.2.3. Characterisation of sulfonated poly(styrene-block-butadiene) ......................................... 163 
7.2.4. Thermal analysis of sulfonated poly(styrene-block-butadiene) ........................................ 166 
7.2.5. Rheology of water soluble sulfonated poly(styrene-block-butadiene) ............................. 172 
7.2.6. Instantaneous drag reduction of sulfonated poly(styrene-block-butadiene) ..................... 175 
7.2.7. Time dependent drag reduction of sulfonated poly(styrene-block-butadiene) ................. 177 
7.3. Summary .............................................................................................................................. 180 
CHAPTER 8 SUMMARY AND FUTURE WORK .............................................................. 183 
8.1. Summary of the results ........................................................................................................ 183 
8.2. Future work .......................................................................................................................... 188 
References ................................................................................................................................... 190 
 
  
8 
 
Acknowledgments 
First I would like to express my biggest gratitude to Prof Alexander Bismarck and Dr Joachim 
Steinke for guidance, advice and encouragement while supervising this project. Further I would 
like to acknowledge Halliburton Energy Services and EPSRC for funding this project, Dr Lewis 
Norman and Dr Ian Robb from Halliburton for the technical advice. I would also like to express 
my gratitude to Prof Paul Luckham, my collaborating academic, for the useful advice and 
discussions about rheological studies. Special thanks to Ms Particia Carry from Analytical Lab 
for the help with analytical equipment and testing, Mr Alan Dickerson from University of 
Cambridge and Exeter Analytical Services for carrying out elemental analysis, Dick Sheppard 
and Peter Haycock for their help with NMR studies, Dr Mohammad (Reza) Moghareh Abed for 
help with TOC and Rajeev Dattani forhis help with DLS. 
I would also like to thank Prof Alexander Bismarck, Prof Geoffrey Maitland, Dr Dominic 
McCann and Dr Kevin Forbes for the opportunity to work on challenging project during 
interruption of studies.  
I am pleased to thank Dr Natasha Shirshova, Dr Ivan Zadrazil and Dr Emilia Kot for their 
advice, especially Ivan for sharing his extensive knowledge on drag reduction and for his help in 
drag reduction studies. 
I would like to thank past and present members of PaCE and Steinke group: Ling Ching Wong, 
Bernice Oh, Dr Siti Rosminah Shamsuddin, Dr Sascha Wettmarshausen, Puja Bharadia, Dr Dan 
Cegla, Hele Diao, Su Bai, Dr Hui (Sherry) Qian, Dr Atif Javaid, Tomi Herceg, Jing Li, Henry 
Maples, Dr Koon-Yang Lee, Dr Angelika Menner, Qixiang Jiang, Marta Fortea Verdejo, Dr 
Kingsley Ho, Dr Sheema Riaz, Nadine Graeber, Dr Anthony Abbot, Dr Johny Blaker, Dr Vivian 
Ikem, Dr David Anthony, Ain Kamal, Michael Tebboth, Steven Wakefield, Dr Apostolos 
Georgiadis, Nikoforos Maragos, Dr Michael (Big Mike) Bajomo, Dr John Hodgkinson, Dr Ann 
Delille, Dr Ki Heung Kim, Dr Juntaro Julasak, Dr Charnwit Tridech, Dr Ryo Murakami, Dr 
Steven Lamoriniere, Dr Andreas Mautner, Dr Shengzhong Zhou, Sally Ewen, Dr Chirag Patel, 
Bryn Monnery, Dr Beeta Mood-Balali, Dr Stephen Jones, Wei Yuan, Dr Julian Farmer, Muge 
  
9 
 
Gulesci, Dr Caroline Knapp, David Rees, Dr Martin Hornung, Dr Mustafa Bayazit, Dr Beinn 
Muir, Dr James Seginson, Nikolay Vaklev and Hin Chun Yau. 
I would like to thank especially Ling Ching Wong, Bernice Oh and Dr Siti Rosminah 
Shamsuddin for being supportive and being there in good and bad times. 
Great thanks must go to Susi Underwood, Sarah Payne, Alexandra Szymanska, Anusha Sri-
Pathmanthan, Keith Walker, Ben Kristnah and people I have met during my time at Imperial: Dr 
Joao Cabral, Dr Edo Boek, Emily Chapman, Dr Jerzy Pental, Dr Francisco Garcia Garcia, Dr 
Him Cheng, Joanna Davies, Dr Alisyn Nedoma, Stephanie Glassford, Carlos Gonzalez Lopez, 
Dr Bojan Tamburic, Angus Bailey, Ashok Barua and others I forgot to mention (this was 
unintentional). 
Finally, sincere thanks to my parents Alicja and Romuald Sidorowicz, my mother in-law Anna 
Lam and my family for unconditional support. My special thanks must go to my husband Dr 
Darren Lam for unconditional support, love, patience and for always being there for me. 
  
10 
 
Publications 
1. “Fluid Identification System and Production and Use Thereof” Dominic P.J. McCann, 
Kevin J. Forbes, Edyta Lam, Geoffrey Maitland, Alexander Bismarck, Patent GB 
2490207. 
 
Poster Presentations 
1. “Novel Water Soluble Drag Reducing Agents” Edyta Sidorowicz, Alexander Bismarck, 
Joachim H.G. Steinke and Lewis Norman, Macro Group Young Researchers Meeting, 
University of Nottingham, April 2010. 
  
11 
 
List of Figures 
Figure 1.1. Four stages of hydraulic fracturing; 1. Drilling, 2. Casing, 3. Creating a fracture, 4. 
Propagation of a fracture. ...................................................................................................... 27 
Figure 1.2. Schematic of the conformation of adsorbed layers formed by associating 
polyacrylamide at solid/liquid interface [25]......................................................................... 28 
Figure 2.1. Schematic illustration of laminar (a) and turbulent (b) flow (image reproduced from 
www.ceb.cam.ac.uk). ............................................................................................................ 32 
Figure 2.2. Structure of water soluble drag reducing biopolymers [10]. ...................................... 37 
Figure 2.3. Structure of water soluble drag reducing synthetic polymers. ................................... 38 
Figure 2.4. Chemical structures of α- (1), β- (2) and γ- (3) Cyclodextrin. ................................... 43 
Figure 2.5. Schematic representation of the influence of the number of hydrophobic monomers 
per micelle on the copolymer microstructure [152]. ............................................................. 45 
Figure 2.6. Schematic of modification of materials by transamidation. ....................................... 47 
Figure 2.7. Modification of polyacrylic acid with alkylamine. .................................................... 49 
Figure 2.8. Structures of poly(ethylene oxide-co-glycidol) and poly(ethylene oxide-block-
glycidol) [171]. ...................................................................................................................... 50 
Figure 2.9. Anionic polymerisation of ethylene oxide initiated by potassium alkoxide and 
subsequent synthesis of asymmetric end-capped polymers by esterification [151, 152]. ..... 51 
Figure 2.10. Hydrolysis of poly(vinyl acetate) in methanol. ........................................................ 52 
Figure 2.11. Reaction scheme for the hydrophobic modification of PVA [158]. ......................... 52 
Figure 2.12. The reaction scheme for the Williamson ether synthesis, R= C15H31 [159]. ............ 53 
Figure 2.13. Reaction scheme for the Michael addition of acrylamide and subsequent Hoffman 
degradation [159]. .................................................................................................................. 53 
Figure 2.14. Polymerisation of HEAA using ECP, CuCl, and Me6TREN and subsequent 
additions of DMAA, NAM, and DMAPAA, producing PHEAA-b-PDMAA, PHEAA-b-
PNAM, and PHEAA-b-PDMAPAA, respectively. ............................................................... 55 
Figure 2.15. Synthesis of PHEAA-b-PS copolymers. PS- Polystyrene, PMDTA- N,N,N,N,N-
pentamethyldiethylenetriamine [164]. ................................................................................... 56 
  
12 
 
Figure 2.16. Synthesis of guar gum polyoxyalkyleneamines derivatives [183]. DMS-
dimethylsulfate. ..................................................................................................................... 57 
Figure 2.17. Functionalisation of polystyrene by chloromethylation and quaternisation. ............ 59 
Figure 2.18. Chloromethylation, quaternization and alkalization of SEBS. ................................. 59 
Figure 2.19. Commonly used sulfonating agent species. .............................................................. 60 
Figure 2.20. Reaction scheme of homogeneous sulfonation : (A) acetyl sulfate generation and 
(B) sulfonation of polystyrene (PS) [179]. ............................................................................ 61 
Figure 2.21. Structure of sulfonated styrene-isoprene copolymers. ............................................. 64 
Figure 3.1. The reaction scheme for the synthesis of poly(acrylamide-co-n-decyl acrylamide). . 66 
Figure 3.2. Reaction scheme for the synthesis of poly(acrylamide-co-n-octadecyl acrylamide). 70 
Figure 3.3. Reaction scheme for the synthesis of PAAm0. .......................................................... 71 
Figure 3.4. Reaction scheme for the synthesis of poly(N-hydroxyethyl acrylamide-co-n-decyl 
acrylamide). ........................................................................................................................... 72 
Figure 3.5. Reaction scheme for the synthesis of HEOD1. .......................................................... 73 
Figure 3.6. Reaction scheme for the synthesis of PHEAAm0. .................................................... 74 
Figure 3.7. The reaction scheme for the synthesis of acetyl sulfate. ............................................ 75 
Figure 3.8. The reaction scheme for the sulfonation of poly(styrene-block-butadiene). .............. 77 
Figure 3.9. 
1
H NMR spectrum of poly(acrylamide-co-n-decyl acrylamide) (AD7). .................... 82 
Figure 3.10. 1H NMR spectrum of poly(N-hydroxyethyl acrylamide-co-n-decyl acrylamide) 
(HED1). ................................................................................................................................. 82 
Figure 3.11.  
1
H NMR spectrum of poly(acrylamide-co-n-octadecyl acrylamide) (AOD3). ....... 83 
Figure 3.12. 1H NMR spectrum of poly(N-hydroxyethyl acrylamide-co-n-octadecyl acrylamide) 
(HEOD1). .............................................................................................................................. 83 
Figure 3.13. Schematic representation of the double gap cell with axial symmetry used for drag 
reduction study. The measuring cell active rotor height is H = 111.00 mm and the radii are 
R1 = 22.25mm, R2 = 22.75mm, R3 = 23.50mm and R4 = 24.00mm. The sample volume 
was 17 ml. .............................................................................................................................. 87 
Figure 3.14. Taylor onset of polyacrylamide at Mw= 1085 kDa at 0.1 mg•g
-1
. ............................ 88 
  
13 
 
Figure 3.15. The apparent viscosity as a function of time at constant rotor speed of 2250 rpm 
(11200 s
-1
) for polyacrylamide Mw= 1085 kDa at 0.1 mg•g
-1
. .............................................. 89 
Figure 4.1. 
1
H NMR spectrum of n-decyl acrylamide recorded in CDCl3. .................................. 97 
Figure 4.2. 
1
H NMR spectrum of polyacrylamide acquired in D2O (PAAm0). ........................... 97 
Figure 4.3. The example of 
1
H NMR spectrum of poly(acrylamide-co-n-decyl acrylamide) in 
D2O (AD7, 0.65 mol% DAAm). ........................................................................................... 98 
Figure 4.4. 
1
H NMR spectrum of n-octadecyl acrylamide recorded in CDCl3. ............................ 98 
Figure 4.5. 
1
H NMR spectrum of poly(acrylamide-co-n-octadecyl acrylamide) in D2O (AOD3, 
0.09 mol% ODAAm). ............................................................................................................ 99 
Figure 4.6. The apparent viscosity at γ= 10 s−1 and at T= 25°C of the aqueous solutions of PAAm 
and its copolymers with n-decyl acrylamide as a function of polymer concentration (inset 
shows close-up of low concentrations). ............................................................................... 102 
Figure 4.7. The apparent viscosity at 10 s
−1
 and at T= 25°C of the aqueous solutions of PAAm 
and its copolymer with n-octadecyl acrylamide (AOD3, 0.09 mol% ODAAm) as a function 
of concentration (inset shows close-up of low concentrations). .......................................... 103 
Figure 4.8. Percentage drag reduction as a function of polymer concentration for commercial 
PAAm (PAAmC, Mw= 1085 kDa), control PAAm0 (Mw= 1896 kDa) and copolymers of 
PAAm with n-decyl acrylamide. Measured at shear rate γ= 11200 s-1 and 25ºC. ............... 106 
Figure 4.9. Percentage drag reduction as a function of polymer concentration for PAAm0 (Mw= 
1896 kDa) and its copolymer with n-octadecyl acrylamide (AOD3, Mw= 1345 kDa). 
Measured at shear rate γ= 11200 s-1 and 25ºC. .................................................................... 106 
Figure 4.10. Evolution of drag reduction with shearing time for the polymers of acrylamide. 
Studied at a shear rate of 11200 s
-1
, 25ºC and at polymer C= 0.5 mg•g-1. Error 0.5 to 1.5 %. 
1 to 6 is the number of a shearing cycle. ............................................................................. 110 
Figure 4.11. The variation of drag reduction as a function of shearing cycle number in Taylor 
flow for copolymers of PAAm. Measured with a double-gap cell at shear rate of 11200 s
-1
, 
25ºC and at polymer C=0.5 mg·g
-1
. ..................................................................................... 112 
Figure 4.12. The schematic illustration of the proposed mechanism for the interaction of 
associating polymers of PAAm containing hydrophobic moieties with turbulent vortices. 1. 
  
14 
 
Quiescent conditions, polymer in the intra- or/and intermolecularly associated form; 2. 
Collision of turbulent vortices and the resulting polymer elongation and vortices destruction; 
3. Formation of a gel-like transient network with elongated chains containing associating 
groups; 4. Collision of turbulent vortices and gel-like network; 5. Dissociation of gel-like 
network under the shear; 6.  Recovered associating polymer in quiescent conditions. ...... 113 
Figure 4.13. Apparent viscosity of poly(acrylamide-co-n-decyl acrylamide) (AD8, 0.54 mol% 
DAAm) as a function of time. Measured at 1000 s
-1
 after 1
st
 shearing cycle and after 60 min. 
relaxation at 0 shear rate. ..................................................................................................... 114 
Figure 4.14 Percent drag reduction as a function of concentration for copolymers of acrylamide 
and polyacrylamide (PAAm0). Studied in deionised water, API brine (1.711 mol•L-1 NaCl 
and 0.084 mol•L-1 CaCl2•2H2O and 2% w/w (0.268 mol•L-1) KCl (for selected polymers).
 ............................................................................................................................................. 116 
Figure 5.1. An example of 
1
H NMR spectrum in D2O of poly(acrylamide-co-n-decyl acrylamide) 
(AD8), α-CD and inclusion complex of poly(acrylamide-co-n-decyl acrylamide) (AD8) with 
100 meq α-CD. .................................................................................................................... 123 
Figure 5.2. An example of 
1
H NMR spectrum of poly(acrylamide-co-n-decyl acrylamide) (AD8), 
β-CD and inclusion complex of poly(acrylamide-co-n-decyl acrylamide) (AD8) and 100 
meq β-CD studied in D2O. ................................................................................................... 123 
Figure 5.3. Part of the 
1
H NMR spectrum in D2O showing protons in poly(acrylamide-co-n-decyl 
acrylamide) (AD8) and inclusion complexes at 1 and 100 meq of β-CD and 100 meq α-CD.
 ............................................................................................................................................. 124 
Figure 5.4. Part of the 
1
H NMR spectrum in D2O showing protons in α-Cyclodextrin (CD) and 
inclusion complex of poly(acrylamide-co-n-decyl acrylamide) (AD8, 0.54 mol% of DAAm) 
with 100 meq α-CD. ............................................................................................................ 124 
Figure 5.5. Part of the 
1
H NMR spectrum in D2O showing protons of β-Cyclodextrin (CD) and 
inclusion complex of poly(acrylamide-co-n-decyl acrylamide) (AD8, 0.54 mol% of DAAm) 
with 100 meq of β-CD. ........................................................................................................ 125 
  
15 
 
Figure 5.6. Photographs of the transition of the polymer gel formed by poly(acrylamide-co-n-
decyl acrylamide) AD8 (0.54 mol% of DAAm) at C=5 mg·g
-1
 (left) into solution (right) 
upon addition of 100 meq of β-CD. ..................................................................................... 126 
Figure 5.7. Influence of α- and β-Cyclodextrin addition on the apparent viscosity of solutions of 
poly(acrylamide-co-n-decyl acrylamide) (AD7, 0.65 mol% DAAm). Studied at polymer C= 
0.5 mg·g
-1
 and 25 ºC. ........................................................................................................... 126 
Figure 5.8. Influence of α- and β-Cyclodextrin addition on the apparent viscosity of solutions of 
poly(acrylamide-co-n-decyl acrylamide) (AD8, 0.54 mol% DAAm). Studied at polymer C= 
0.5 mg·g
-1 
and 25 ºC. ........................................................................................................... 128 
Figure 5.9. Influence of α- and β-Cyclodextrin addition on apparent viscosity of solutions of 
poly(acrylamide-co-n-decyl acrylamide) (AD9, 0.33 mol% DAAm). Studied at C= 0.5 mg·g
-
1 
and 25 ºC. .......................................................................................................................... 128 
Figure 5.10. Influence of α- and β-Cyclodextrin addition on the apparent viscosity of solutions of 
poly(acrylamide-co-n-decyl acrylamide) (AD10, 0.21 mol% DAAm).Studied at C= 0.5 
mg·g
-1
 and 25ºC. .................................................................................................................. 129 
Figure 5.11. Influence of α- and β-Cyclodextrin addition on apparent viscosity of solutions of 
poly(acrylamide-co-n-octadecyl acrylamide) (AOD3, 0.09 mol% ODAAm). Studied at 
polymer C= 0.5 mg•g-1. ....................................................................................................... 130 
Figure 5.12 Influence of α- and β-Cyclodextrin addition on apparent viscosity of solutions of 
PAAm0. Studied at polymer C= 0.5 mg·g-1 ....................................................................... 130 
Figure 5.13. Influence of α-CD addition on the drag reduction of PAAm copolymers. Studied at 
11200 s-1, at 25ºC and at polymer C= 0.5 mg·g-1. ............................................................. 131 
Figure 5.14. Influence of the addition of β-CD to aqueous solutions of PAAm copolymers on the 
drag reduction. Studied at 11200 s
-1
, at 25ºC and at polymer C= 0.5 mg·g
-1
. ..................... 133 
Figure 5.15. Percent DR of PAAm0 (Mw=1896 kDa) as a function of α- and β-CD concentration 
studied in deionised water. Measured at 11200 s
-1
, 25ºC and polymer C= 0.5 mg·g 
-1
 ....... 135 
Figure 5.16. The adsorption of PAAm0 and its copolymers with n-decyl acrylamide AD10 and 
n-octadecyl acrylamide AOD3 on silica (specific surface area of silica 45 m
2
·g) as a 
function of polymer concentration. Measured in deionised water, at pH 7 and 25ºC. ........ 137 
  
16 
 
Figure 6.1. 
1
H NMR spectrum of poly(N-hydroxyethyl acrylamide) acquired in D2O 
(PHEAAm0). ...................................................................................................................... 144 
Figure 6.2. 
1
H NMR spectrum of poly(N-hydroxyethyl acrylamide-co-n-decyl acrylamide) 
acquired in D2O (HED1, 0.73 mol% DAAm). .................................................................... 144 
Figure 6.3.
 1
H NMR spectrum of poly(N-hydroxyethyl acrylamide-co-n-octadecyl acrylamide) 
acquired in D2O (HEOD1, 0.11 mol% ODAAm)............................................................... 145 
Figure 6.4. Apparent viscosity of the aqueous solutions of polymers of N-hydroxyethyl 
acrylamide as a function of polymer concentration. Measured at 10 s
−1
 and 25°C (inset 
shows close-up of low concentrations). ............................................................................... 148 
Figure 6.5. Apparent viscosity as a function of shear rate for aqueous solutions of poly(N-
hydroxyethyl acrylamide) polymers at polymer concentration of 0.5 mg·g
-1
 and at 25°C 
(logarithmic scale). .............................................................................................................. 150 
Figure 6.6. Apparent viscosity as a function of shear rate for aqueous solutions of poly(N-
hydroxyethyl) polymers at polymer concentration of 1 mg·g
-1
 and at 25°C (logarithmic 
scale). ................................................................................................................................... 151 
Figure 6.7. Percentage drag reduction as a function of polymer concentration for polyacrylamide 
(PAAm, Mw= 1085 kDa), PHEAAm0 and poly(N-hydroxyethyl acrylamide-co-N-
decylacrylamide) copolymers. ............................................................................................. 152 
Figure 6.8. Percentage drag reduction as a function of polymer concentration for HEAAm 
homopolymer (PHEAAm0) and its copolymer with n-octadecyl acrylamide (HEOD1). . 153 
Figure 7.1. Yield of sulfonation of poly(styrene-block-butadiene) at 25ºC and at a sulfonation 
time of 24 hours. .................................................................................................................. 160 
Figure 7.2. The mechanism of sulfonation of poly(styrene-block-butadiene) by acetyl sulfate. For 
clarity 1,2 butadiene sulfonation is omitted......................................................................... 161 
Figure 7.3. Time dependence of the degree of sulfonation of poly(styrene-block-butadiene). 
Studied at 25ºC and with 5.74 mol eq. of acetyl sulfate to 1 mol eq. of polymer. .............. 162 
Figure 7.4. Infrared spectrum of poly(styrene-block-butadiene) before (a) and (b) after 
sulfonation (SSB1, SD= 6.68 mol%). ................................................................................. 163 
  
17 
 
Figure 7.5. Infrared spectrum of poly(styrene-block-butadiene) before (a) and (b) after 
sulfonation (SSB6, SD= 66.28 mol%). ............................................................................... 164 
Figure 7.6. 
1
H NMR spectrum of poly(styrene-block-butadiene) before sulfonation in d8-THF.
 ............................................................................................................................................. 165 
Figure 7.7. 
1
H NMR spectrum of poly(styrene-block-butadiene) after sulfonation in a mixture of 
25% d8-THF and 75% D2O (SSB6, SD= 66.28 mol%). ...................................................... 165 
Figure 7.8. Chemical structure of poly(styrene-block-butadiene) before and after sulfonation with 
acetyl sulfate. ....................................................................................................................... 166 
Figure 7.9. Thermogravimetric curves of poly(styrene-block-butadiene) (PS-b-PB) and 
sulfonated water soluble poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) and 
SSB10 (SD= 57.06 mol%). ................................................................................................. 167 
Figure 7.10. Thermogravimetric derivative weight curves for poly(styrene-block-butadiene) (PS-
b-PB) and sulfonated water soluble poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) 
and SSB10 (SD= 57.06 mol%). ........................................................................................... 168 
Figure 7.11. DSC curves of poly(styrene-block-butadiene) (PS-b-PB) and water soluble 
sulfonated poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) and SSB10 (SD= 57.06 
mol%)  for the 1
st
 heating cycle. .......................................................................................... 169 
Figure 7.12. DSC curves of poly(styrene-block-butadiene) (PS-b-PB) and water soluble 
sulfonated poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) and SSB10 (SD= 57.06 
mol%)  for the 2
nd
 heating cycle. ......................................................................................... 170 
Figure 7.13. DMA tan δ curves of poly(styrene-block-butadiene) (PS-b-PB) and water soluble 
sulfonated poly(styrene-block-butadiene) SSB6 and SSB10 obtained at 1 Hz. .................. 171 
Figure 7.14. Apparent viscosity as a function of concentration of the aqueous solutions of 
sulfonated polymers poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) and SSB10 
(SD= 57.06 mol%) at 10 s
−1
 and 25°C. ............................................................................... 172 
Figure 7.15. Shear rate dependence on the apparent viscosity of the aqueous solutions of 
sulfonated poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) studied at various 
polymer concentrations at 25°C (logarithmic scale). .......................................................... 173 
  
18 
 
Figure 7.16. Shear rate dependence on the apparent viscosity of the aqueous solutions of 
sulfonated poly(styrene-block-butadiene) SSB10 (SD= 57.06 mol%) studied at various 
polymer concentrations at 25°C (logarithmic scale). .......................................................... 174 
Figure 7.17. Illustration of shear-thickening behaviour in associating polymers [266]. ............ 175 
Figure 7.18. Percentage drag reduction as a function of polymer concentration for sulfonated 
poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) and SSB10 (SD= 57.06 mol%) and 
commercial PAAm (PAAmC Mw= 1085 kDa) obtained at 25ºC in turbulent Taylor Flow.
 ............................................................................................................................................. 176 
Figure 7.19. Drag reduction as a function of time for sulfonated poly(styrene-block-butadiene)  
SSB6 (SD= 66.28 mol%) measured at γ= 11200 s-1 and polymer concentration C= 0.5 
mg·g
1
. Error 0.5-1.5 %. 1 to 6 is the number of shearing cycle. ......................................... 178 
Figure 7.20. Drag reduction as a function of time for sulfonated poly(styrene-block-butadiene)  
SSB10 (SD= 57.06 mol%) measured at γ= 11200 s-1 and polymer concentration C= 0.5 
mg·g
1
. Error 0.5-1.5 %. 1 to 6 is the number of shearing cycle. ......................................... 179 
Figure 7.21. Drag reduction as a function of number of shearing cycles for sulfonated 
poly(styrene-block-butadiene)  SSB6 and SSB10 as measured at polymer C=0.5 mg·g
1
 and 
γ= 11200 s-1. Error 0.5-1.5 %. %. ........................................................................................ 180 
  
19 
 
List of Tables 
Table 2.1. List of water and organic solvents soluble polymers known to reduce drag. .............. 35 
Table 3.1. Composition of the monomer mixture for polymerisations AD1-AD10. .................... 68 
Table 3.2.  Composition of the monomer mixture for polymerisations AOD1-AOD3. .............. 71 
Table 3.3. Composition of the monomer mixture for polymerisations HED1-HED3. ................ 73 
Table 3.4. The reaction conditions for sulfonation of poly(styrene-block-butadiene) ................. 76 
Table 4.1. Yield, molecular weight Mw, hydrophobic monomer content H and solubility of 
polymers in water and formamide obtained by micellar polymerisation. – or + denotes 
insoluble or soluble in deionised water or formamide, respectively. ns denotes insoluble in 
either GPC eluent, deionised water or D2O, hence analysis not possible, AD= 
poly(acrylamide-co-n-decyl acrylamide). AOD= poly(acrylamide-co-n-octadecyl 
acrylamide). ........................................................................................................................... 95 
Table 4.2. Weight average molecular weight Mw, polydispersity index PDI, hydrophobic 
monomer content H, drag reduction (DR) determined at C=0.5mg·g
-1
 and hydrodynamic 
radius RH for copolymers and polymers of acrylamide; AD= poly(acrylamide-co-n-decyl 
acrylamide), AOD= poly(acrylamide-co-n-octadecyl acrylamide), PAAm0 and PAAmC are 
homopolymers of acrylamide synthesised under micellar polymerisation conditions and 
obtained from a commercial source, respectively. .............................................................. 108 
Table 5.1. Weight average molecular weight Mw, polydispersity index PDI, hydrophobic moiety 
content H, and hydrodynamic radius RH for PAAm and its copolymers with and without α- 
or β-Cyclodextrin addition; AD= poly(acrylamide-co-n-decyl acrylamide), AOD= 
poly(acrylamide-co-n-octadecyl acrylamide). ..................................................................... 135 
Table 5.2. The amount of PAAm and its hydrophobically modified copolymers adsorbed and 
desorbed on and from silica as measured by TOC; 
1Amount desorbed with 100 α-CD, no 
desorption seen at 0.5 and 1 meq of α-CD, 2Amount desorbed with 100 β-CD, no desorption 
seen at 0.5 and 1 meq of β-CD, 3Amount desorbed with 0.5 and 100 meq β-CD. .............. 139 
Table 6.1. Yield, molecular weight Mw and the content of hydrophobic moieties H in the 
copolymers obtained by micellar polymerisation; PDI is the polydispersity index, HED= 
  
20 
 
poly(N-hydroxyethyl acrylamide-co-n-decyl acrylamide), HEOD= poly(N-hydroxyethyl 
acrylamide-co-n-octadecyl acrylamide), PHEAAm0= poly(N-hydroxyethyl acrylamide).147 
Table 6.2. Molecular parameters of the modified poly(N-hydroxyethyl acrylamide) copolymers 
obtained from the GPC analysis and Dynamic Light Scattering (DLS). Where NH is the 
number of hydrophobes per surfactant micelle, Mw is the weight average molecular weight, 
PDI is the polydispersity index, H (mol%) is the molar percentage of hydrophobic moieties 
in polymer and RH is the hydrodynamic radius. HED= poly(N-hydroxyethyl acrylamide-co-
n-decyl acrylamide) HEOD= poly(N-hydroxyethyl acrylamide-co-n-octadecyl acrylamide), 
PHEAAm0= poly(N-hydroxyethyl acrylamide). ............................................................... 155 
Table 7.1. Properties of sulfonated poly(styrene-block-butadiene). SD is the degree of 
sulfonation (extent of sulfonation) determined by elemental analysis and calculated from 
equations (14)-(18) in Chapter 3 section 3.5.9. ................................................................... 159 
Table 7.2. Tg of polybutadiene and polystyrene segments and Td with corresponding weight loss 
for poly(styrene-block-butadiene) and water-soluble sulfonated polymers SSB6 and SSB10 
as measured by DSC, DMA and TGA. ............................................................................... 171 
  
21 
 
Abbrevations 
AAm   Acrylamide 
AD   Poly(acrylamide-co-n-decyl acrylamide) 
AIBN   2,2‘-azobis(isobutyronitrile) 
AMPDAC  [2-(acrylamido)-2-methylpropyl]dimethylammonium chloride 
AOD   Poly(acrylamide-co-n-octadecyl acrylamide) 
ATRP   Atom Transfer Radical Polymerisation 
BET   Brunauer Emmett Teller (Particle Surface Area Analyser) 
CD   Cyclodextrin 
13
C NMR  Carbon Nuclear Magnetic Resonance 
1
H NMR  Hydrogen Nuclear Magnetic Resonance 
CDCl3   Deuterated chloroform 
CMC   Critical micellar concentration 
DAAm  n-decyl acrylamide 
DAAM  Diacetone acrylamide 
DBTDL  Dibutyltin dilaurate 
DCC   Dicyclohexylcaroiimide 
1,2-DCE  1,2-dichloroethane 
DLS   Dynamic Light Scattering 
DMA   Dynamic Mechanical Analysis 
DMAA   Dimethylacrylamide 
DMAP   (dimethylamino)pyridine 
DMAPAA  N-[3-(dimethylamino)propyl]acrylamide 
DMF   N,N’-dimethyl formamide 
D2O   Deuterium oxide 
DSC   Differential Scanning Calorimetry 
EA   Elemental Analysis 
ECP   Ethyl 2-chloropropionoate 
FT-IR    Fourier Transform Infrared Spectroscopy 
  
22 
 
GPC   Gel Permeation Chromatography 
HASE   Hydrophobically modified alkali-soluble emulsion polymers 
HEAAm  N-hydroxyethyl acrylamide 
HED   Copolymers of N-hydroxyethyl acrylamide and n-decyl acrylamide 
HEOD   Copolymers of N-hydroxyethyl acrylamide and n-octadecyl acrylamide 
HLB   Hydrophilic-Lipophilic Balance 
MAPTAC  Methacrylamidopropyltrimethylammonium chloride 
Me6TREN   Tris[2-(dimethylamino)ethyl]amine 
MPD   2-methyl-2.4-pentanediol 
MWCO  Molecular weight cut-off 
NaAMB  Sodium 3-(acrylamido)-3-methylbutanoate 
NaAMPS  Sodium 2-(acrylamido)-2-methylpropanesulfonate 
NAM   N-acyloylmorpholine 
NMP   n-methylpyrrolidinone 
ODAAm  n-octadecyl acrylamide 
PAAm   Polyacrylamide 
PAA   Polyacrylic acid 
PDI   Polydispersity index 
PEG   Poly(ethylene glycol) 
PEO   Poly(ethylene oxide) 
PHEAAm  Poly(N-hydroxyethyl acrylamide) (also PHEAA) 
PS   Polystyrene 
PVA   Poly(vinyl alcohol) 
SBS   Poly(styrene-butadiene-styrene) 
SDS   Sodium dodecyl sulfate 
SEBS   Polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene 
SIBS   Poly(styrene-isobutylene-styrene) 
SSS   Sodium styrene sulfonate 
St   Styrene 
  
23 
 
TGA   Thermal Gravimetric Analysis 
THEA   Tris(2-hydroxyethy1)amine 
THF   Tetrahydrofuran 
TOC   Total Organic Carbon Analyser 
V50   2,2’-azobis (2-amidinopropane) dihydrochloride 
  
24 
 
Symbols 
Cagg   Critical aggregation concentration 
Co/Ce   Initial and equilibrium liquid-phase polymer concentrations 
C*   Overlap concentration 
d   Pipe diameter 
DR(%)   Percentage of drag reduction (%) 
H(mol%)  Molar percentage of hydrophobic monomer in copolymer 
H   Height 
[I]o   Initial concentration of initiator 
Kd   The initiator dissociation rate constant 
kp    The propagation rate constant 
kt(pp)    The termination rate constant 
mCinPB   The mass of the carbon in polybutadiene 
mC in EA    The mass of carbon in the copolymer obtained from elemental analysis 
meq.   Molar equivalent 
mSEA   The mass of sulphur obtained from elemental analysis 
mTotal C   The total mass of carbon in polymer 
[M]    Monomer concentration 
MC   The atomic mass of carbon atom 
MN    The atomic mass of nitrogen atom 
Mn   Number average molecular weight (kDa or g·mol
-1
) 
MPB   The molecular weight of the butadiene repeat unit 
MPS   The molecular weight of styrene repeat unit 
MS    The atomic mass of sulfur  
Mw   Weight average molecular weight (kDa or g·mol
-1
) 
Nagg    The SDS aggregation number 
nPB    The number of moles butadiene in polymer 
nPS    The number of moles of styrene in polymer 
  
25 
 
NH    The number of hydrophobic monomers per surfactant micelle 
Δpp   Pressure drop in pipe flow in presence of polymer 
Δps   Pressure drop in pipe flow in solvent 
Qe   Amount of adsorbed polymer on the silica surface 
R   Radius 
Re    Reynolds Number 
Rp    The rate of polymerisation 
RH   Hydrodynamic radius (nm) 
Wm   The weight of the monomers 
Wp   The weight of the freeze dried polymer 
Wsp    The weight of purified sulfonated polymer 
Ws    The mass of microsilica 
Wt   The theoretical weight of polymer at the determined level of sulfonation 
yPB   The weight fraction of polybutadiene in poly(styrene-block-butadiene)  
Xn   Average degree of polymerisation 
Γ   Aspect ratio of the double-gap cell 
ηN   Normalized viscosity 
δ*    Gap between the rotor and the stator in double-gap cell 
µ   Dynamic viscosity of the fluid 
λ   Wave number 
ρ   Density of the fluid 
ν   Mean fluid velocity 
  
26 
 
Chapter 1  
Introduction 
Natural gas is a mixture of hydrocarbons, which is composed primarily of methane and other 
short chain hydrocarbons and common gases. This material is formed over millions of years due 
to high heat and compacting of organic materials such as plants and dead animals. Additionally it 
is formed by the transformation of organic matter by microorganisms or by interactions 
occurring under the Earths’ crust between hydrogen rich gases, carbon molecules and minerals. 
The easily recoverable natural gas can be found under the surface of the earth. The low density 
of gas allows it to rise over time and either dissipate into the atmosphere or become trapped in 
porous rock forming a reservoir between impermeable layers of rock. This gas formation is 
recovered easily using conventional drilling techniques and utilising natural pressure of 
reservoir.  
Over the last decade, economic growth and increase in world’s population resulted in increase in 
demand of natural gas. The conventional resources of this material is finite and according to 
Skov [1], Holtberg and Conti [2], in the next decade the world would face a serious shortage and 
production will not be able to keep up with the world’s demand. The utilisation of natural gas 
will also be found to increase since it is a cleaner energy source of low CO2 emission compared 
to other materials [3]. The development of alternative gas sources such as shale gas was therefore 
inevitable. The shale reservoirs are known to contain great amount of natural gas. Shale gas is a 
natural gas that is stored in rocks rich in organic matter. It is typically interbedded within layers 
of shaley siltstone and sandstone [4]. The reservoirs of shale gas can be classified as a 
“continuous gas accumulation expanding through large areas which are of low permeability” [5, 
6]. The creation of fractures to provide high gas production is therefore needed. The technology 
typically utilised to increase the permeability of these reservoirs is hydraulic fracturing, which 
creates broad artificial fractures around the well bore. This process involves drilling a borehole 
down the gas bearing formation, placing the piping and cementing it into place (casing). The 
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next stage of hydraulic fracturing is pumping fracturing fluid, usually water with an additive; at 
very high pressures down the well to create the vertical fracture. This propagates further in the 
opposite directions from a borehole. During hydraulic fracturing the pressure has to be high 
enough to exceed the rock strength such that the pumped fluid creates fractures in the rock [6-8] 
(Figure 1.1). 
 
 
 
 
 
Figure 1.1. Four stages of hydraulic fracturing; 1. Drilling, 2. Casing, 3. Creating a fracture, 4. 
Propagation of a fracture. 
Transportation of liquids using pipeline technology has its limitations, since turbulent flow inside 
the pipe involves a loss of energy. The net effect of this is that increasing the energy applied to 
the flow does not increase the flow rate. To overcome this flaw in turbulent flow, the drag 
reduction phenomenon was utilised in 1948 by Toms [9]. He discovered that upon addition of a 
small amount of polymer, a significant reduction in drag caused by turbulent flow occurred. 
Toms observed that poly(methyl methacrylate) dissolved in monochlororobenzene reduced the 
pressure drop required to pump fluid through the pipe at a constant flow rate below that of a pure 
solvent.  
In the past 50 years, there has been extensive research activity in this field of fluid mechanics. 
Typically high molecular weight water soluble polymers such as polyacrylamide, polyethylene 
oxide or guar gum [10-16] are often investigated as potential water soluble drag reducers. It is 
known that the performance of the aforementioned polymers is highly dependent on molecular 
weight since increasing the molecular weight improves drag reduction. Unfortunately the drag 
reduction effectiveness can be reduced by mechanical degradation of the polymer solution. 
2 1
  
3 4 
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Moreover the degradation of the drag reducing polymer is proportional to its molecular weight. 
A compromise between high molecular weight and shear stability is therefore required.  
Associating polymers have been shown to be of a great importance in drag reduction 
experiments since association creates high molecular weight macromolecules. Furthermore the 
shear degradation effect could be reduced for associating systems, since the breakage of 
secondary bonds would occur preferentially to the cleavage of the polymer backbone [10, 17-
21]. However, the utilisation of polymers as drag reducing agents presents the serious problem of 
adsorption in reservoirs causing a decrease in the flow of natural gas into the well [22-25]. The 
adsorption of polymer is especially undesirable in shale gas reservoirs where permeability is 
extremely low. Moreover it has been shown that there is potentially higher risk of polymer 
adsorption when associating polymers are used comparing to non-associating homologues. The 
stronger adsorption of an associating polymer comparing to a non-associating polymer has been 
demonstrated by Argiller et al. [22], Lu and Huang [25] and is caused by the restoration of 
associations after the pressure is released (Figure 1.2). 
 
Figure 1.2. Schematic of the conformation of adsorbed layers formed by associating 
polyacrylamide at solid/liquid interface [25].  
The application of associating polymers therefore requires more expensive clean up procedures 
and for the utilization in shale reservoirs, the availability of polymers able to dissociate under a 
specific trigger would be beneficial. A potential solution in achieving this would be to use 
stimuli sensitive associating polymers which can be switched between states: associated and 
dissociated. Whilst in associated state polymer would raise the viscosity of fluid and promote 
drag reduction. After hydraulic fracturing, the associations would be switched off allowing the 
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natural gas to flow freely towards the well. The associations would then be restored when the 
polymer flows back to the surface and the polymer could be then reused. This might be achieved 
by potentially injecting chemicals causing the dissociation of polymer, leading to a reduced 
viscosity and a lower adsorption of polymer in the shale reservoirs.   
 
1.1. Project Aims 
The main objective of this research was to synthesise water soluble polymers that would display 
improved drag reducing properties and resistance to shear degradation. Since it was 
demonstrated that associating polymers exhibit these properties, this class of polymers was 
primarily chosen for investigation [17, 20, 26]. In particular, hydrophobically modified water 
soluble polymers were selected due to the ability of these polymers to form micellar-like 
structures in water. Hydrophobically modified polyacrylamides have been reported to 
demonstrate effective drag reduction; however there are a number of unanswered questions with 
regards to this class of polymers that still remain [19, 26, 27]. Questions such as; the effect of 
alkyl chain length in the hydrophobic monomer, the concentration of the hydrophobic moieties in 
the copolymer, or the shear stability of hydrophobically modified polyacrylamide. These issues 
were tackled in this research work.  
The investigation of the other associating water soluble polymers that could display drag 
reducing properties was also approached in this thesis. In particular, copolymers and 
homopolymers based on the water soluble poly(N-hydroxyethyl acrylamide) (a derivative of 
polyacrylamide) and partially sulfonated copolymers of styrene and butadiene (hydrophobic drag 
reducing polymers), were chosen to study the relationship between molecular characteristics and 
the drag reduction performance.   
The final objective of this research was to identify suitable additives capable of dissociating (or 
breaking) the hydrophobic associations between polymers or within a polymer chain. 
Deactivation of hydrophobic interactions would result in reduced viscosity, quick partitioning of 
polymer into the water phase and reduced adsorption of polymer onto formation surfaces. The 
approach taken to solve this problem was to modify polyacrylamide, which is a well-known and 
inexpensive synthetic polymer used in subterranean applications. By modifying polyacrylamide 
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and exposing it to hydrophobic bond breakers, the likelihood of obtaining useful information on 
adsorption and desorption of these polymers was higher than in case of completely new polymer 
systems. Low molecular weight Cyclodextrins were chosen as potential materials capable of 
dissociating hydrophobic interactions. Hydrophobic core of water soluble Cyclodextrins can bind 
the hydrophobic moieties resulting in deactivation of the hydrophobic interactions. 
 
1.2. Thesis structure 
This thesis presents work on the synthesis of polymers with drag reducing properties for 
subterranean applications. Chapter 2 reviews the relevant background literature. In Chapter 3 
the materials and experimental methods are described. Chapter 4, Chapter 5, Chapter 6 and 
Chapter 7 contain obtained results and the discussion of these results. Each of these chapters 
deals with different types of polymers: hydrophobically modified polyacrylamides (Chapter 4), 
homopolymer and copolymers of N-hydroxyethyl acrylamide (Chapter 6) and sulfonated block 
copolymers of styrene and butadiene (Chapter 7). Additionally the interaction of polymers with 
Cyclodextrins and their influence on adsorption of polymer on the silica surface is presented in 
Chapter 5. Finally, Chapter 8 draws conclusions from the work and formulates suggestions for 
future work. 
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Chapter 2  
Background 
This chapter is divided into two main parts in which the relevant literature concerning the 
objectives of this research is introduced. The first section covers the concept of drag reduction 
and drag reducing agents used in subterranean applications. The desired properties of drag 
reducing agents and the importance of associations in drag reducing perfomance are also 
presented. Second section reviews the materials that can be used to deactivate hydrophobic 
associations and methods of synthesising water soluble associating polymers.  
 
2.1. Drag reduction 
Drag is caused by the resistance encountered by a flowing fluid in turbulent flow coming into 
contact with a solid substrate e.g. pipe wall. Addition of a drag reducing agent interferes with the 
formation of turbulent vortices thereby reducing drag. There are two types of flow regimes; 
laminar and turbulent and each of the flow type can be characterised by the linear dependence of 
the flow rate on the driving pressure (Figure 2.1). In laminar flow (Figure 2.1a) the motion of 
the particles of fluid occurs in ordered fashion and all of the particles are moving in straight lines 
parallel to the pipe walls. Increasing the pressure difference creates a proportional increase in 
flow rate; however at a certain point the pressure difference increases more rapidly than the flow 
rate and is known as turbulence onset. 
  
32 
 
 
Figure 2.1. Schematic illustration of laminar (a) and turbulent (b) flow (image reproduced from 
www.ceb.cam.ac.uk). 
The turbulent flow can be defined by intense mixing which leads to transfer of momentum 
between liquid layers in a spanwise direction (formation of vortices, Figure 2.1b) [28]. The flow 
pattern is dependent on a Reynolds number defined by Equation 1 and the turbulent flow starts to 
predominate at a Reynolds number above 2300 [29].  
   
   
 
   (1) 
Where v is the mean fluid velocity, d the pipe diameter, ρ the density of the fluid and μ the 
dynamic viscosity of the fluid.  
Drag reduction works by reducing the intensity of the vortex in turbulent flow. The required 
pressure difference needed to obtain the desired flow rate in a pipe is lower for a liquid 
containing a small amount of drag reducing agent compared to pure liquid. This is illustrated by 
Equation 2: 
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Where DR (%) is the drag reduction percentage, Δps is the pressure drop for the solvent in a 
given length of pipe and Δpp is the pressure drop after addition of a drag reducing agent with the 
same flow rate as of the pure fluid [16]. 
There are three main classes of drag reducing additives: polymers [16, 30-34], surfactants [35-
38], suspensions of particles and fibres [39, 40] or microbubbles [41]. However, surface 
modification of solid substrate which the fluid interacts with is also known [42, 43]. The 
polymers in organic and aqueous media are the most researched materials in the field of drag 
reduction. Surfactants are less well researched but offer an attractive alternative due to the higher 
levels of drag reduction in comparison to polymers. In addition, surfactants demonstrate high 
shear stability due to the existence of micellar structures. 
Drag reducing additives provide a major reduction in energy requirements; therefore their use is 
economically attractive for a variety of commercial applications. The best known application of 
drag reducing polymers is in oilfield industry and the first successful application of drag 
reduction phenomenon took place in 1979 and marked the beginning of transportation of crude 
oil through the Trans Alaskan Pipelines [44]. The other uses of the drag reducers include 
hydraulic fracturing and drilling fluids [45], sewers [46], fire-fighting [47], drainage and 
irrigation systems [48] as well as marine industry for the use as ship coating [49]. Drag reducing 
agents have been also trialled in biomedicine to potentially treat or prevent circulatory diseases 
[50]. It should be noted that drag reduction is a well known phenomenon in nature. Aquatic 
animals such as dolphins and eels produce slime containing drag reducing polysaccharides. This 
gives them the ability to quickly accelerate when hunting or fleeing [51].  
 
2.2. Polymeric drag reducing agents 
Since the discovery of the drag reduction phenomenon by Toms in 1948, a great amount of 
research have has been undertaken on the subject of drag reduction. There are a number of  
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important publications and include Lumley who presented a review on the drag reduction 
literature [34]. In his review, Lumley looked at publications regarding the aspects of drag 
reducing additives such as the effect of molecular structure, flexibility, length of polymeric 
molecules and the effect of the expansion of the random coil in various solvents on drag reducing 
properties. Lumley also investigated elasticity, viscosity and concentration, the physical 
appearance of solutions, the experimental methods of measurements of turbulence and the 
theoretical aspects of drag reduction. Also a few years later Virk presented his experimental data 
for turbulent pipe flow and explained the proposed mechanisms [52]. In this article, Virk 
introduced the term of “maximum drag reduction asymptote” for a given system. It also stated 
that the maximum drag reduction was dependent on the physical properties of the flow rather 
than on the polymer structure. In 1978, Berman investigated the influence of polymer physics 
and molecular parameters on the drag reduction effectiveness by polymers [30]. Nadolink and 
Haigh provided a list of references on the research regarding drag reduction spanning over 70 
years and contained over 4900 references [53]. In 2006 Bismarck et al. published book chapters 
in Heat Exchanger Design Updates reviewing various aspects of drag reduction and discussed 
more closely drag reduction of polymers, surfactants and drag reduction in multiphase flow [16, 
29, 37, 54]. More recent review by Benzi summarised models and suggested mechanisms of drag 
reduction, providing mathematical explanation for the observed features [55]. In the same year 
Brostow summarised the most important features found to date in regards to drag reduction such 
as influence of solvent type or polymer structure on the drag reducing performance and the 
mechanical degradation in relation to mechanism of drag reduction [56]. 
Drag reduction by polymers can be accomplished in water as well as in organic solvents and the 
list of polymers known to reduce drag is presented in Table 2.1.  
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Water soluble polymers Hydrocarbon soluble polymers 
Poly(ethylene oxide) [15, 52, 57-61] 
Polyacrylamide [15, 52, 57, 58] 
Hydrolysed polyacrylamide [12, 57, 62] 
Poly(N-vinyl formamide) [63] 
Guar gum [52, 64] 
Xanthan gum [11, 64-66] 
Carboxymethyl cellulose [64] 
Hydroxyethyl cellulose [52] 
DNA [31, 57, 67] 
Scleroglucan [68] 
Polyisobutylene [52, 69-71] 
Poly α-olefin [72] 
Polystyrene [73-75] 
Poly(methyl methacrylate) [9, 52] 
Polydimethylsiloxane [52, 76] 
Poly(cis-isoprene) [52, 76] 
Polybutadiene [76] 
Table 2.1. List of water and organic solvents soluble polymers known to reduce drag. 
The parameters that decide the effectiveness of a specific polymer towards drag reduction are 
chemical structure, chain flexibility, solvent quality and a molecular weight above 5∙105 g∙mol-1; 
however polymers of lower molecular weight capable of forming higher molecular weight 
aggregates have also been found to be effective drag reducers [10, 34, 77]. The relationship 
between polymer structure and drag reduction efficiency was extensively studied by 
McCormick’s group [10, 19, 78-80]. They determined that generally linear polymers provide 
good drag reduction although graft and slightly branched polymers are also good drag reducing 
agents. The creation of branches and grafts onto some linear polymers can also offer enhanced 
shear stability. Kim et al. [81] studied linear and branched polyacrylamide and showed that both 
polymers have comparable drag reduction ability. Addition of a few branches onto the 
polyacrylamide backbone resulted in increased shear stability, since the shear forces that the 
polymer experienced were distributed among the individual chains. Lim et al [82] demonstrated 
that grafting polyacrylamide onto amylopectin can significantly increase the drag reduction of 
amylopectin even at very low concentrations. Moreover the polymer was found to be extremely 
resistant to shear degradation in comparison to unmodified homologues.  
The molecular weight is an important factor deciding polymer’s effectiveness to reduce drag, 
however it is believed that it is the coil volume rather than the molecular weight itself that 
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determines the effectiveness of drag reduction [19]. Zakin et al. [76] demonstrated that the high 
molecular weight fraction in a polydisperse polymer sample is responsible for high levels of drag 
reduction and suggested that there is a minimum molecular weight that is required to reduce 
drag. By studying polymer samples in various solvents they showed that for a constant polymer 
molecular weight and concentration, greater drag reduction was seen in solvents where intrinsic 
viscosity was greater. Virk also showed that the benefit from using high molecular weight 
polymer is that the onset of drag reduction is shifted towards lower Reynolds numbers indicating 
higher drag reduction efficiencies [52].   
The efficiency of polymer in drag reduction depends largely on a solvent quality. Good solvents 
promoting coil expansion provide higher drag reduction. Poor solvents favour polymer-polymer 
interactions over polymer-solvent interactions and result in contracted coil. This in turn causes a 
decrease in drag reduction. Zadrazil [83] showed that upon addition of iso-propanol (a non-
solvent for polyacrylamide) to an aqueous solution of polyacrylamide, the contraction of the 
random coil was observed and the efficiency of the drag reduction decreased. Conversely, the 
addition of formamide (a very good solvent for polyacrylamide) caused expansion of the random 
coil and improved the drag reduction. Zadrazil also found that the shear stability of 
polyacrylamide in poor solvent was higher than in good solvent, which was particularly evident 
at low concentration.  
Drag reduction of polyelectrolytes such as polyacrylic acid can be modified by variations in pH 
and the addition of salt. It is well known that at certain conditions, drag reduction is high if the 
polyelectrolyte’s coil is highly expanded due to charge-charge repulsion [84].  
The most efficient drag reducing agents are polymers with flexible chains. Rigid polymers 
however offer more resistance to mechanical degradation. It has been stated that the  
comparative effectiveness is nevertheless dependent on other factors such as polymer 
concentration, flow rate and testing geometry, therefore in some cases rigid polymers can exceed 
the performance of flexible polymers [30].  
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2.3. Water soluble polymeric drag reducing agents 
Water soluble drag reducing polymers can be divided into two classes: 1) biopolymers and 2) 
synthetic polymers. Biopolymers are reasonable drag reducing agents and the most 
commercialised biopolymers include guar gum [11, 62, 64], carboxymethyl [14] and 
hydroxyethyl cellulose [85] and xanthan gum [14, 64]  (Figure 2.2). The natural polymers are 
usually obtained from plants (guar gum and cellulose derivatives) or produced by bacterium 
(xanthan gum) and all have semi-rigid backbones. They have higher shear stability than synthetic 
polymers; however they are less efficient drag reducing agents. The concentrations needed to 
obtain drag reduction compared to synthetic polymers are few hundred ppm in contrast to a few 
ppm for synthetic polymers.  
 
Figure 2.2. Structure of water soluble drag reducing biopolymers [10]. 
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The structures of the most commonly used synthetic drag reducing polymers are shown in Figure 
2.3. Among synthetic polymers, poly(ethylene oxide ) is the most efficient known drag reducing 
agent. For instance, one of the earlier publications by Little [86] reported a drag reduction of 40 
% at a concentration of just 25 ppm for  poly(ethylene oxide) with a molecular weight of 5 ∙105 
g∙mol-1. Poly(ethylene oxide) is a linear, flexible molecule and its drag reduction efficiency has 
been tested in a range of parameters, such as temperature, concentration, molecular weight by 
various researchers such as Peyser and Little [87], Parker and Hedley [88], Choi and Jhon [33], 
Shetty and Solomon [21], Pereira and Soares [61] and Zadrazil et al. [60]. It was however 
revealed that its utility in multiple pass applications is limited due to extreme sensitivity to shear 
degradation [89].  
Polyacrylamide is another linear, flexible and efficient polymeric drag reducing agent. It has 
been shown that it has higher shear stability than poly(ethylene oxide) [13] nevertherless it also 
degrades under high shear flow [83, 89]. Olivier and Bakhtiyarov [90] have demonstrated that at 
high molecular weight (20-25∙106 g·mol-1), drag reduction of polyacrylamide can occur at 
concentration as low as 0.02 ppm. 
Related to polyacrylamide, polyacrylic acid can be formed by the hydrolysis of polyacrylamide 
or by the polymerisation of acrylic acid. Depending on the pH, polyacrylic acid can either exist 
in an uncharged form or as a polyelectrolyte. Banijamali et al. [84], Zhang et al. [91] and Kim et 
al. [92] reported the drag reduction efficiencies of polyacrylic acid. In addition Banijamali et al. 
and Kim et al. studied the drag reduction of polyacrylic acid at different pH. An increase in drag 
reduction was demonstrated between a pH of 4.1 and 10 and the onset of drag reduction in the 
laminar region was observed. 
 
Figure 2.3. Structure of water soluble drag reducing synthetic polymers. 
 
  
39 
 
2.4. Degradation of polymeric drag reducing agents 
Although high molecular weight drag reducing polymers provide many advantages, they can 
undergo mechanical degradation in turbulent flow and lose their effectiveness after a short 
interval of time. The theory of polymer degradation in a pipe flow was linked to the mechanism 
of drag reduction in which the coiled polymer is stretched and rotated, due to interactions with 
the vortices in a turbulent flow [93]. At a certain point, the strain that the polymer molecule is 
experiencing becomes too much and the polymer chain breaks.  
The mechanical degradation of the polymer generally depends on the chemical structure, 
polymer concentration, molecular weight and distribution of molecular weight, interactions of 
polymer with solvent and the temperature as well as the diameter and geometry of the pipe. The 
mechanical degradation of polymers in turbulent flow has been extensively investigated and 
reviewed by many researchers for example Moussa et al. [94, 95], Den Toonder et al. [96], 
Brostow et al. [97, 98], Choi et al. [99, 100], Rho et al. [101] and Kim et al. [11]. It is well-
known that the extent of the drag reduction increases with molecular weight and length of 
polymers, however their susceptibility to mechanical degradation also increases.   
The findings on the flow induced degradation has been reviewed by Bueche [93]. He determined 
that correlations between certain parameters and degradation existed. Higher molecular weights 
and longer polymer chain lengths expedite flow induced degradation and rate of mechanical 
degradation. Bueche also found that the degradation depends on the compatibility of polymer to 
solvent with degradation being more pronounced in poor solvent with a low Reynolds number. 
The opposite occurs in solvents with a high Reynolds number. Furthermore, at a constant wall 
shear stress and pipe diameter, the degradation becomes proportional to the molecular weight but 
inversely proportional to polymer concentration, and at a constant wall shear stress and polymer 
concentration, the degradation becomes inversely proportional to the pipe diameter. Bueche also 
established that at a constant polymer concentration and pipe diameter, the degradation increased 
with wall shear stress and shear stability increasingly became a function of polymer solubility in 
a given solvent.  
Different solutions to enhance drag reduction and shear stability have been tried, including 
grafting of polymers onto polysaccharides, which combine the efficiency of synthetic polymers 
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with the shear stability of natural polymers [64, 102, 103]. The reversible intermolecular 
associations in solutions have also been known to increase the molecular weight of polymer 
associates and provide mechanical stability [18, 20]. Additionally, cross-linking between 
polymer molecules such as guar gum provided an increase in the dimensions of the 
macromolecules resulting in enhanced drag reduction but degradation of polymer still occurred 
[104].  
 
2.5. Association of polymers and drag reduction 
The importance of molecular associations in drag reduction has been recognised for a long time. 
Since the early 70’s, researchers have hypothesised that since high molecular weight polymers 
are the most successful drag reducing agents, higher molecular weight aggregates should provide 
even greater effect. Moreover, the effect of shear degradation might be lower for associating 
systems since the breakage of intermolecular associations could be favoured instead of 
mechanical degradation of the polymer backbone. The intermolecular interactions in the 
associating polymers can therefore reform upon lowering of the shear rate. The role of molecular 
aggregates in the drag reduction of water soluble polymers such as polyethylene oxide and 
polyacrylamide has been studied by Dunlop and Cox [105] and Shetty and Solomon [21]. They 
revealed that the formation of aggregates could be induced by shearing action at high 
concentrations and suggested that aggregates are almost always present in a solution of drag 
reducing agent. They also suggested that macromolecular aggregation could be used to explain 
the mechanism of drag reduction. Zadrazil studied the solvent mediated formation of aggregates 
in aqueous solution of polyacrylamide [83]. He suggested on a basis of the light scattering data 
that aggregates are formed upon variations in solvent quality. The pronounced shear stability of 
polyacrylamide dissolved in poor solvent and increase in observed drag reduction after a few 
minutes of shearing was suggested to be due to the presence of aggregates. These aggregates are 
elongated and unravel, whilst continuously releasing more individual polymer molecules into the 
flow. 
Intermolecular complexes between water soluble copolymers have been found to improve drag 
reducing effect. Lundberg et al. [106] studied the drag reduction efficiency of a mixture of a 
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cationically charged poly(acrylamide-co-methacrylamidopropyltrimethylammonium chloride) 
(PAAm-co-MAPTAC) containing 3.7 mol% of MAPTAC and an anionically charged 
poly(acrylamide-co-sodium styrene sulfonate) (PAAm-co-SSS) containing 32.9 mol% of SSS. 
They have shown that the drag reduction of the mixture of aqueous solution of these copolymers 
(concentration of copolymer PAAm-co-MAPTAC equal to 375 ppm and concentration of 
copolymer PAAm-co-SSS equal to 125 ppm) increased 2-6 times as compared to the individual 
drag reduction of the aqueous solution of each copolymer.  
The interpolymer complexes were also studied by Kowalik et al. [20] and Malik et al. [17, 18].  
Kowalik et al. studied a series of hydrocarbon soluble polymers, which contained polar 
associating groups that could form concentration dependent intra- and intermolecular 
associations. They revealed that the intrapolymer associations decreased drag reduction 
performance whereas intermolecular resulted in its increase. Malik et al. studied the interactions 
of ionic groups and hydrogen bonded mediated interpolymer complexes. From the obtained 
results, the researchers revealed that the drag reduction effectiveness for associated complexes 
was increased 2-6 times comparing to non-associated species. The shear stability was also found 
to be improved. Sabadini et al. studied the influence of the supramolecular assembly of bis-urea-
based monomers on drag reduction [107]. They revealed that two competitive polymeric 
structures were formed, tubes and filaments. Sabadini et al. demonstrated that only tubular like 
formation is capable of drag reduction due to its greater length. The solvent used was found to be 
the deciding factor as to which structure will prevail.   
Bock et al. studied the drag reduction effectiveness of hydrophobically modified polyacrylamide 
with low concentrations of n-octyl- and n-dodecyl acrylamide [27]. They demonstrated that 
polymers exhibited drag reduction performance in deionised water, however no details on the 
role of association in drag reduction was revealed. Year later, McCormick et al. [19] studied the 
relationship between the drag reduction performance of water soluble polymers and various 
parameters including chemical structure, molecular weight, hydrodynamic volume, solvent 
nature and associations. In their research they examined commercial poly(ethylene oxide) and 
copolymers of acrylamide with sodium 3-(acrylamido)-3-methylbutanoate (NaAMB), sodium 2-
(acrylamido)-2-methylpropanesulfonate (NaAMPS), [2-(acrylamido)-2-methylpropyl] 
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dimethylammonium chloride (AMPDAC), and diacetone acrylamide (DAAM). McCormick et 
al. indicated that the intermolecular hydrophobic association in copolymers of acrylamide and 
diacetone acrylamide was responsible for enhanced drag reduction. Intramolecular ionic 
associations in polyampholites were also demonstrated and a decrease of drag reduction was 
shown to occur due to collapsed polymer chains. In 2009 Camail et al. studied the rheological 
properties of copolymers of N-alkyl and N-arylalkyl acrylamides with acrylamide  [26]. They 
demonstrated that the degree of association and radius of gyration was dependent on the type and 
the concentration of the incorporated hydrophobic group. The drag reduction efficiency of a 
copolymer of acrylamide and decylphenyl acrylamide at a level of 0.5 mol% was studied and 
demonstrated to be higher when compared to poly(ethylene oxide). Moreover, Camail et al. 
provided experimental evidence of the exceptional persistent drag reduction for the copolymer of 
acrylamide and n-decylphenyl acrylamide. The researchers suggested that the observed 
performance was attributed to strong intramolecular associations. As yet the amount of research 
into drag reduction in associating water soluble systems remains low and thus requires further 
investigation. 
 
2.6. Intra- and intermolecular association breakers 
Non-covalent interactions that direct intra- and intermolecular associations are weak and can be 
broken by physical (temperature) and chemical parameters (additives, pH and ionic strength). 
McCormick et al. suggested that the performance of polymers in the drag reduction is influenced 
by the structure of water therefore additives promoting changes in the structure of water 
(affecting hydrogen bond in water) decrease polymers drag reduction efficiency [19]. The 
hydrophobic bond is only seen in water and is independent of the pH or presence of salts, unless 
the structure of water is modified by surface charges or small ions in solution. That means in the 
presence of salts, hydrophobic interaction can be enhanced [108].  
Mumick, Hester and McCormick demonstrated that urea diminished hydrogen bonding between 
polymer and the aqueous media, which resulted in lower binding of solvent to polymer [79]. This 
in turn resulted in decreased drag reduction in poly(acrylamide-co-N-isopropylacrylamide) 
containing varying concentrations of N-isopropylacrylamide. The authors also found that the 
  
43 
 
drag reduction of polyacrylamide was unaffected by urea. Camail et al. demonstrated that urea 
can dissociate the hydrophobic interaction in the hydrophobically modified polyacrylamide 
[109]. The authors showed that the viscosity of the polymer solution decreased with increasing 
urea concentration. However, urea was only capable of partially distrupting intermolecular 
associations. 
Cyclodextrins (CDs) are cyclic oligosaccharides with cylindrical shape that have hydrophobic 
internal cavity and hydrophilic exterior (Figure 2.4). 
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Figure 2.4. Chemical structures of α- (1), β- (2) and γ- (3) Cyclodextrin. 
Cyclodextrins are molecules that form complexes with guest molecules by utilisation of 
hydrophobic interaction [110]. In 2002, Karlson investigated the inhibition of hydrophobic 
interactions in hydrophobically modified ethyl hydroxyethyl cellulose with nonyl phenyl or 
tetradecyl groups and hydrophobically modified poly(ethylene glycol) (PEG) by Cyclodextrins 
[111]. He showed that methyl-α-Cyclodextrin, methyl-β-Cyclodextrin and β-Cyclodextrin are all 
capable of decoupling the polymeric network as evidenced by a decrease in solution viscosity. 
Furthermore, Karlson demonstrated that methylated Cyclodextrins had more pronounced effect 
on polymers containing hydrophobic monomers with long hydrophobic chains. 
Ogoshi et al. demonstrated the effect of α-Cyclodextrin on the complexes of hydrophobically 
modified polyacrylic acid and pyrene modified β-Cyclodextrin/Single-Walled Carbon Nanotubes 
(SWNTs) hybrids [112]. Mixing of polyacrylic acid containing 2 mol% of dodecyl groups and 
SWNTs hybrids resulted in hydrogel formation, which converted into solution upon addition of 
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100 mol equivalents of α-Cyclodextrin in respect to dodecyl groups in hydrophobically modified 
polyacrylic acid. This was attributed to stronger competitive interaction of dodecyl groups with 
α-Cyclodextrin than with β-Cyclodextrin. Mahammad, Roberts and Khan investigated the 
complexation of α- and β-Cyclodextrin with water soluble hydrophobically modified alkali-
soluble emulsion polymers (HASE) [113]. They concluded that the addition of 30 moles of 
Cyclodextrins per mole of hydrophobic macromonomer resulted in the dissociation of 
hydrophobes from the polymer network, as evidenced by a decrease in dynamic moduli. The 
decrease in a value of dynamic moduli was found to be more pronounced for α-Cyclodextrin 
than β-Cyclodextrin. Similar findings were reported by Talwar et al. who reported the decrease 
in viscosity and dynamic moduli of HASE polymers upon addition of Cyclodextrins [114]. 
Moreover they also showed that the original viscosity could be recovered upon addition of a non-
ionic surfactant.  
More recently, Hashidzume and Harada presented an extensive review on the studies of polymer 
interactions with Cyclodextrins with particular attention to the application in biological systems 
[115]. In their review they summarized the steric effects in polymers such as polyacrylamide 
bearing hydrophobic side chains, on their ability to associate with α-, β- and γ-Cyclodextrin. 
Authors described NMR studies in which they studied complexation of polymers with 
Cyclodextrins. They concluded from their research that α-Cyclodextrin interacted strongest with 
linear alkyl chains and β-Cyclodextrin with branched chains, whereas γ-Cyclodextrin interacted 
weakly with both linear and branched alkyl chains. 
 
2.7. Synthesis of hydrophobically modified water soluble polymers 
Associative polymers contain segments that can interact via physical interactions. These 
segments can be distributed randomly along the chain or be present as blocks in the copolymer. 
Synthesis of water soluble drag reducing agents containing hydrophobic moieties can be 
acquired via different synthetic routes. One approach is the direct copolymerisation of 
hydrophilic and hydrophobic monomers; a second approach is to graft hydrophobic groups onto 
water soluble polymers via post functionalisation of homopolymers and a third route is via 
functionalisation of hydrophobic polymers to aid water solubility.  
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2.7.1. Polyacrylamide (PAAm) 
Hydrophobically modified polyacrylamide can be obtained by micellar, micro- or 
macroemulsion and solution polymerisation. Copolymers with hydrophobic units randomly 
distributed as small blocks in the polyacrylamide backbone can be synthesised via micellar 
polymerisation. Copolymers synthesised via this type of polymerisation has been shown to 
display strong associative properties due to the incorporation of the hydrophobic monomers into 
the copolymer structure as random blocks. The pioneering work in the field of micellar 
polymerisation was led by Turner et al. in 1985 [116, 117]. They discovered that the 
copolymerisation of water soluble monomers with hydrophobic monomers could be achieved by 
the addition of a water soluble surfactant. Homogeneity of the system was accomplished since 
the hydrophobic monomers were solubilised in the interior of the surfactant micelles. The ratio 
of surfactant over the hydrophobic monomer was high and by varying the number of 
hydrophobic molecules per surfactant micelle, the copolymer microstructure was varied (Figure 
2.5).  
 
Figure 2.5. Schematic representation of the influence of the number of hydrophobic monomers 
per micelle on the copolymer microstructure [152]. 
Turner et al. have demonstrated that the block copolymers with randomly distributed blocks of 
hydrophobic monomer can be obtained when the ratio of hydrophobic monomer to surfactant is 
high and the higher is this ratio the greater is the length of the hydrophobic block. Since this 
revolutionary discovery, great amount of work has been performed in this field and many 
hydrophobic monomers have been tried including pyrenesulfonamide functionalities [118], N-
vinylnaphtalene [119], poly(propylene oxide) [120], N-arylalkylacrylamides [26, 109, 121-124], 
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N-alkylacrylamides [26, 109, 123-127], N,N’-dialkylacrylamides [123, 127-130] and 
polymerisable surfactants e.g. 2-acrylamido-tetradecane sulfonate [131]. 
Candau and Selb [132] demonstrated in their review that the association of copolymers prepared 
in micellar polymerisation depends on various parameters, which include the nature and structure 
of the hydrophobic monomer. They showed that copolymers containing N,N’-dialkylacrylamide 
show much stronger interactions than copolymers containing N-alkylacrylamide. They also 
demonstrated that the longer the alkyl chains in the N-alkyl or N,N’-dialkylacrylamide, the 
stronger the association. Additionally, higher concentrations of hydrophobic monomers in the 
copolymer and higher hydrophobic block length favoured stronger association. More recently 
Camail, Margaillan and Martin showed that the incorporation of N-alkylarylacrylamide offered 
stronger association than the incorporation of N-alkylacrylamide and offered greater 
improvement in shear resistance [26, 109].  
Although micellar polymerisation was mainly studied, for the polymerisation of acrylamide it is 
believed that any water soluble monomer that can undergo free radical initiation could be 
synthesised via this process. 
Hydrophobically modified polyacrylamide can be also obtained by polymerisation in organic 
solvent. However, Hill et al. [122] demonstrated that the copolymers formed in such process 
produce weaker associations since the polymerisation results in singly and randomly distributed 
hydrophobic monomer(s) along the polymer backbone. Moreover, they revealed that numerous 
chain transfer reactions result in polymers with a low molecular weight, if the solvent is not 
selected carefully. 
Emulsion polymerisation is another method to synthesise amphiphilic copolymers. Ivanova et al. 
[133] reported the synthesis of a high molecular weight copolymer of acrylamide and lauryl 
methacrylate using microemulsion polymerisation in which the oil phase was composed of 2,2‘-
azobis(isobutyronitrile) (AIBN) and SPAN 60 dissolved in cyclohexane. They demonstrated that 
the obtained copolymer showed strong associative behaviour and this behaviour was dependent 
on the concentration of lauryl methacrylate.  
Kobitskaya reported the synthesis of polyacrylamide with lauryl methacrylate and styrene via 
inverse miniemulsion in which the oil phase comprised of hydrophobic monomer, AIBN and 
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SPAN 60 [134]. A miniemulsion process was studied in which a Ce
4+
/SPAN 60 redox initiator 
pair was used instead of AIBN. Kobitskaya showed that polymers prepared by microemulsion 
and micellar polymerisation had similar thickening properties suggesting that hydrophobic 
monomers were distributed as blocks.  
Hydrophobically modified polyacrylamide can be also prepared by chemical post-modification 
of polyacrylamide. Wu and Shanks [135] demonstrated the grafting of alkyl chains by direct N-
alkylation via the transamidation with alkylamines (Figure 2.6). Substitution reactions with 
highly hydrophobic groups such as dodecyl chain were proved to be impossible due to the 
insolubility of these amines in water. Moreover, no substitution was seen in other polar solvents 
and this was attributed to the contraction of the polyacrylamide chain in poor solvent.   
 
Figure 2.6. Schematic of modification of materials by transamidation. 
2.7.2. Polyacrylic acid (PAA) 
Hydrophobically modified polyelectrolytes such as polyacrylic acid can be prepared by free-
radical copolymerisation of acrylic acid and a hydrophobic comonomer in organic solvents [136-
138]. Zhou et al. described the synthesis in tert-butanol and solution properties of a copolymer of 
acrylic acid and 2-(N-ethylperfluorooctanesulfoamido)ethylacrylate or 2-(N-
ethylperfluorooctanesulfoamido) ethylmethacrylate [138]. They demonstrated that the aqueous 
solutions of the synthesised copolymers exhibited associating behaviour that was dependent on 
salt addition, pH and temperature. The addition of salt favoured the hydrophobic interaction and 
at pH above 5.5 the polymer chain stiffened. This caused the intermolecular interactions to 
largely diminish.  
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Philippova et al. prepared hydrophobically modified pH responsive polymers of polyacrylic acid 
and hydrogels crosslinked with N,N-methylenebisacrylamide containing up to 20 % of n-alkyl 
acrylates in N,N-dimethylformamide using 2,2‘-azobis(isobutyronitrile) (AIBN) as a radical 
initiator [137]. The random distribution of hydrophobic groups was observed by 
13
C NMR and 
the negative effect on ionisation was observed at high amounts of hydrophobic monomer as 
evidenced by potentiometric titration. The swelling of hydrogels was found to be affected by the 
concentration of hydrophobic moieties and length of n-alkyl side chain in the hydrophobic 
monomer. The increase in the concentration of hydrophobic moieties and alkyl chain length in 
hydrophobic monomer resulted in polymer swelling in alkaline medium, due to stabilisation of 
the collapsed state of the gel by hydrophobic interactions.  
Zhuang et al. prepared a series of copolymers of acrylic acid by free radical solution 
copolymerisation with n-alkyl acrylates in benzene and cyclohexane with AIBN as free radical 
initiator [139]. The influence of hydrophobic chain on intramolecular association of 
hydrophobically modified polyacrylic acid was demonstrated to be retarded at low ionic strength 
due to electrostatic repulsion. At high ionic strength however, a dramatic increase in viscosity 
was reported, which was dependent on the length of the alkyl chain in hydrophobic monomer.  
Hydrophobically modified polyacrylic acid can be also devised by post-modification of 
polyacrylic acid [140-146]. For example Wang et al. [147] demonstrated the modification of 
polyacrylic acid via the reaction of an alkyl amine with the carboxyl groups in the presence of 
dicyclohexylcarbodiimide (DCC) and a protic solvent (MPD, 2-methyl-2.4-pentanediol) (Figure 
2.7). They achieved 100 % yields for the modification of polyacrylic acid with 1, 3 and 10 % of 
n-octadecyl amine. Wang et al. found that the viscosity of the hydrophobically modified 
polyacrylic acid was higher than the viscosity of polyacrylic acid and the viscosity of 
hydrophobically modified polyacrylic acid increased with the content of hydrophobic moieties. 
They also found that with addition of salt the viscosity decreased for all polymers due to 
screening of charges on polyacrylic acid, however the association of the hydrophobic groups was 
more pronounced. The association of the hydrophobic groups led to polymer chain cross-linking 
and viscosity enhancement. 
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Figure 2.7. Modification of polyacrylic acid with alkylamine. 
Shedge et al. synthesised hydrophobically modified polyacrylic acid by reaction with 3-
pentadecylcyclohexylamine in the presence of dicyclohexylcarbodiimide (DCC), using n-
methylpyrrolidinone (NMP) as solvent [145]. Rheological measurements of the polymer 
solutions in water demonstrated an increase in viscosity with increasing content of the 
hydrophobic modification, which was attributed to intermolecular hydrophobic interactions 
between polymer chains resulting in the formation of a transient network. The viscoelastic 
measurements indicated the development of a soft physical gel at semi-dilute polymer 
concentrations. 
2.7.3. Poly(ethylene oxide) (PEO) 
Hydrophobically modified poly(ethylene oxide) can be synthesised by anionic polymerisation 
and end-capping with hydrophobic groups. The synthesis of high molecular weight, 
hydrophobically modified poly(ethylene oxide) has been reported by Dimitrov et al. [148]. They 
used anionic suspension coordination polymerisation with a calcium amide-alkoxide initiating 
system to afford copolymers of poly(ethylene oxide-co-glycidol) and poly(ethylene oxide-block-
glycidol) (Figure 2.8), producing molecular weights of  4-12·10
5 
g·mol
-1
 and 3.4-14·10
5
 g·mol
-1
 
respectively. Hydrophobically modified water-soluble polymers bearing hydrophobic stearyl 
moieties were then obtained by modification of the poly(ethylene oxide-co-glycidol) or 
poly(ethylene oxide-block-glycidol)  with stearic acid.  
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Figure 2.8. Structures of poly(ethylene oxide-co-glycidol) and poly(ethylene oxide-block-
glycidol) [171]. 
Petrov et al. has also reported the synthesis of high molecular weight poly(ethylene oxide)-b-
poly(alkylglycidyl ether) (1.8·10
6
 g·mol
-1
 for poly(ethylene oxide-co-dodecyl/tetradecyl glycidyl 
ether)) via anionic coordination polymerisation [149]. They demonstrated that the polymerisation 
of alkylglycidyl ethers with ethylene oxide resulted in the formation of block copolymers 
containing water soluble ethylene oxide segments and hydrophobic blocks. Moreover, the 
hydrophobicity of the polymers was varied by altering the length of the alkyl chain in glycidyl 
ethers and the length of the oxyethylene spacer between the terminal hydrophobic groups and 
polymerisable epoxy group. Additionally they demonstrated, using experimental data obtained 
by fluorescence, light scattering and transmission electron microscopy, that the copolymers can 
associate in water, forming corona-core type micelles. Random and block-like gradient 
copolymers of ethylene oxide and propylene oxide have been synthesised by Petrov et al. [150] 
by utilisation of the anionic ring opening copolymerisation catalysed by a calcium 
amide/alkoxide initiator. Additionally they demonstrated a new method of synthesis of high 
molecular weight poly(ethylene oxide-co-propylene oxide) with block-like gradient structures, 
which was based on the repeated short-time feeds of ethylene oxide in regular time intervals.   
Rufier et al. reported the synthesis of water soluble asymmetric end capped poly(ethylene oxide) 
by anionic polymerisation of ethylene oxide with alkoxide, followed by esterification with 
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carboxylic acid in the presence of N,N-dicyclohexylcarbodiimide (DCC) and 
(dimethylamino)pyridine (DMAP) (Figure 2.9) [151, 152]. The symmetric polymers were 
synthesised by the same method using carboxylic acids with various lengths of an alkyl chain. 
 
Figure 2.9. Anionic polymerisation of ethylene oxide initiated by potassium alkoxide and 
subsequent synthesis of asymmetric end-capped polymers by esterification [151, 152]. 
Rufier et al. demonstrated that bridge–like mixed aggregates were formed between hydrogenated 
and fluorinated groups that led to phase separation. Symmetric aggregates containing only alkyl 
end capped groups were found to be stable at low concentrations when polymers contained long 
alkyl chains and a whole range of concentrations studued when polymers contained short alkyl 
chains. The phase separation was avoided by the addition of surfactant. The viscosity of the 
asymmetric aggregates containing hydrogenated and fluorinated groups increased at the polymer 
concentrations above 1 wt% when the solution contained surfactant.  
 
2.7.4. Poly(vinyl alcohol) (PVA) 
Poly(vinyl alcohol) (PVA) was researched in the past by Kolnibolotchuk et al. [153] and 
Shakhovskaya et al. [154] as a potential drag reducing agent. Kolnibolotchuk et al. and 
Shakhovskaya et al. demonstrated that poly(vinyl alcohol) does not reduce drag. They have 
attributed this to the formation of supramolecular structures in turbulent flow. Kolnibolotchuk et 
al. observed a decrease in the degree of crystallinity upon an increase in hydrophobicity of the 
polymer and this influenced the polymers behaviour in turbulent flow. Moreover, Shakhovskaya 
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et al. showed that polymer’s conformation can be changed and drag reducing properties can be 
induced into polymer by the high heat treatment of the polymer solutions.  
Synthesis of polyvinyl alcohol is generally carried out by the hydrolysis of polyvinyl acetate, and 
the polymer with surfactant like behaviour can be obtained by partially hydrolysis of polyvinyl 
acetate (Figure 2.10). The reaction is usually carried out in presence of catalytic amounts of acid 
such as hydrochloric acid or base such as sodium hydroxide with the higher reaction rates and no 
side reactions achieved for the latter [155-157]. 
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Figure 2.10. Hydrolysis of poly(vinyl acetate) in methanol. 
Hydrophobically modified poly(vinyl alcohol) can be also prepared by partial urethanisation of 
polyvinyl alcohol followed by reaction with acid chloride [158] (Figure 2.11). 
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Figure 2.11. Reaction scheme for the hydrophobic modification of PVA [158]. 
The example given by Yahya et al. demonstrated that PVA modified with docosanoic, stearic 
and decanoic acid chlorides associated in deionised water and aqueous solution of sodium 
chloride [158]. The two polymers composed of PVA grafted with 0.5 mol% of docosanoic, 0.5 
mol% of stearic and 1 mol% of decanoic alkyl chain; and PVA grafted with 2 mol % stearic and 
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1 mol% decanoic alkyl chain were studied and showed improved viscosity as compared to 
unmodified and urethanised PVA. This was due to formation of intermolecular association 
between polymer chains and the creation of large aggregates. The behaviour of the functionalised 
polymers was found to be unaffected by the variable of concentrations of NaCl and not even by 
harsh brine. 
Marstokk and Roots reported two different routes for the preparation of hydrophobically 
modified poly(vinyl alcohol) [159]. The first was by Williamson ether synthesis and the second 
by Michael addition of acrylamide followed by Hoffman degradation (Figure 2.12 and Figure 
2.13).  
 
Figure 2.12. The reaction scheme for the Williamson ether synthesis, R= C15H31 [159]. 
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Figure 2.13. Reaction scheme for the Michael addition of acrylamide and subsequent Hoffman 
degradation [159]. 
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The resulting ether linkages in the graft were more resistant to hydrolysis than the ester linkages 
reported by Yahya et al. [158]. The degree of substitution achieved in Williamson ether synthesis 
was reported to be 50 % for the alkylation and 30 % for the sulfopropylation, with no 
improvement in the yield at long reaction times and with possible elimination reaction occurring 
as a side reaction. The Michael addition and Hoffman degradation resulted in 6-9 % and 100 % 
yields, respectively and the maximum substitution of 60 %. Marstokk and Roots demonstrated 
that the yield of the reactions were independent on the time of reaction.  
2.7.5. Poly(N-hydroxyethylacrylamide) (PHEAAm) 
Poly(N-hydroxyethyl acrylamide) is a very hydrophilic homopolymer with a solubility number 
of 4, which is the highest ever known solubility number [160]. This polymer has been 
demonstrated to have potential use as a matrix in capillary electrophoresis of DNA since it has 
good electrosmotic mobility and high degree of adhesion [161]. The very high molecular weight 
homopolymer can be prepared by free radical polymerisation in N,N-dimethylformamide with 
2,2’-azobis(isobutyronfitrile) (AIBN) as the initiator at 60ºC [160] and at 47ºC  in deionised 
water with  2,2’-azobis (2-amidinopropane) dihydrochloride (V50) as the initiator [161, 162].  
Copolymers of poly(N-hydroxyethyl acrylamide) have not been researched widely and are 
synthesised mainly by Atom Transfer Radical Polymerisation (ATRP). ATRP is one of the 
methods to produce copolymers with well defined structures and narrowly distributed molecular 
weights. 
Narumi et al. synthesised poly(N-hydroxyethylacrylamide) (PHEAAm) by ATRP using 
ethanol/water as a solvent, copper (I) chloride and ethyl 2-chloropropionoate (ECP) as an 
initiator system and tris[2-(dimethylamino)ethyl]amine (Me6TREN) as a ligand [163]. The 
copolymers were created by mixing prepolymer of PHEAAm with N,N-Dimethylacrylamide 
(DMAA), N-acryloylmorpholine (NAM), and N-[3-(dimethylamino)propyl]acrylamide 
(DMAPAA) and various copolymers of well defined molecular weights and low molecular 
weight distributions were obtained (Figure 2.14). 
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Figure 2.14. Polymerisation of HEAA using ECP, CuCl, and Me6TREN and subsequent 
additions of DMAA, NAM, and DMAPAA, producing PHEAA-b-PDMAA, PHEAA-b-PNAM, 
and PHEAA-b-PDMAPAA, respectively. 
Gunes et al. [164] recently used sequential ATRP to polymerise ethyl acrylate and styrene 
monomers and prepared hydrophobically modified poly(N-hydroxyethyl acrylamide) by the 
subsequent aminolysis of the acrylic block of copolymer with ethanolamine (Figure 2.15) . 
The synthesis resulted in well defined blocks and relatively low molecular weights were 
achieved with the highest reported number average molecular weight (Mn) of 2.06 kDa. Gunes et 
al. [164] demonstrated that copolymers associated in water and showed that the content of 
styrene in copolymer decided the polymer’s solubility in water. The copolymer containing the 
shortest block of polystyrene, copolymer with 80 repeat units of N-hydroxyethyl acrylamide 
(HEAA) and 21 repeat units of styrene (St), formed micelles in water as evidenced by Dynamic 
Light Scattering (DLS) and fluorescence study at various polymer concentrations, with the 
hydrodynamic radius (RH) of 78 nm and critical micellar concentration (CMC) of 38 mg·L
-1
. 
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Figure 2.15. Synthesis of PHEAA-b-PS copolymers. PS- Polystyrene, PMDTA- N,N,N,N,N-
pentamethyldiethylenetriamine [164]. 
2.7.6. Biopolymers 
Hydrophobically modified biopolymers can be obtained by graft copolymerisation, reaction with 
alkyl halides, acid halides, acid anhydrides, isocyanates, epoxides and by amination. Bahamdan 
and Daly [165] carried out successful functionalisation of guar gum with 
polyalkoxyalkyleneamide in a three step process (Figure 2.16). The degree of functionalisation 
was dependent on the type of polyalkoxyalkyleneamine used and varied from 0.03 to 28.29 % 
for carboxymethylhydroxypropyl guar gum and 2.16 to 24.43 % for carboxymethyl guar gum. 
Additionally, the researchers showed that the viscosity of grafted guar gum was lower that the 
viscosity of an unmodified carboxymethylhydroxypropyl and carboxymethyl guar gum. 
Bahamdan and Daly explained this drop in viscosity in terms of the surfactant effect.  
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Figure 2.16. Synthesis of guar gum polyoxyalkyleneamines derivatives [183]. DMS-
dimethylsulfate. 
Nucleophilic substitution of guar gum was demonstrated by Lapasin et al. [166]. They reported a 
two step reaction in which guar gum underwent alkaline etherification with propylene oxide 
followed by alkaline etherification with docosylglycidylether. The degree of substitution 
determined by gas chromatography was in the range of 0.00015 and 0.00060. Lapasin et al. 
demonstrated from shear behaviour experiments that the degree of substitution controled the 
rheological performance. Additionally all degrees of substitution showed improved rheological 
properties over the unmodified hydroxypropyl guar gum.  
Cellulosic associative polymers can be obtained by reaction of the lateral groups with water 
soluble derivatives and by graft copolymerisation. Hydrophobically modified carboxymethyl and 
hydroxyethyl cellulose can be created by reactions with long alkyl chain epoxide, alkyl halides, 
acyl halides, isocyanates and anhydrides and those methods as well as graft copolymerisation 
methods have been reviewed by Zhang [167]. The reactions are generally carried out in alkaline 
slurry since the hydrophobic reagents are incompatible with hydrophilic cellulose. Landoll [168] 
used long n-alkyl chain terminated epoxides (1,2-epoxydecane, 1,2-epoxydodecane, a mixture of 
1,2-epoxyeicosane, 1,2-epoxydocosane and 1,2-epoxytetracosane) to modify hydroxyethyl, 
methyl and hydroxypropyl cellulose with the degree of functionalisation ranging from 0.7 to 2.9 
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wt% with respect to epoxide. He reported that the viscosities of the hydrophobically modified 
modified cellulosics were exceptionally enhanced as compared to unmodified cellulosics, which 
he explained to be due to the formation of aggregates.  
The synthesis of hydrophobically modified anionic cellulosic derivatives by amidation of 
carboxymethyl cellulose with dodecylamine has been reported by Cohen-Stuart et al. [169], who 
obtained a degree of substitution of 0.012 per glucose unit. Homogeneous etherification of 
cellulose with butyl glycidyl ether was described by Nishimura et al. [170], who reported a 
degree of substitution of  between 0.4 and 2.0.  
Some cellulosic associative thickeners have been synthesized by graft copolymerisation. In this 
case, the surfactant macromonomers with hydrophilic head group and a hydrophobic tail, as well 
as water-soluble (or dispersible) surface-active monomers have been widely used. Shih [171] for 
example, successfully grafted N-[1-(2-pyrridynol)ethyl] acrylamide and methacrylamido 
propyltrimethyl ammonium chloride using a redox initiating system (hydrogen peroxide/ferrous 
ammonium sulfate/ethylene diamine tartaric acid disodium salt). 
Hydrophobic functionality of carboxyethyl cellulose can be also achieved by modification with 
methyl ester of rapeseed oil. Tomanova et al. [172] carried out the chemical modification by a 
transesterification reaction in water and N,N’-dimethyl formamide mixture using microwave 
irradiation at various reaction conditions. They observed that the modified carboxyethyl cellulose 
associated via hydrophobic interactions.  
 
2.7.7. Polystyrene polymers, copolymers and terpolymers 
Hydrophobically modified water-soluble polymers can be also obtained by the functionalisation 
of hydrophobic polymers with groups imparting water solubility. Polystyrene copolymers and 
terpolymers can be modified by aromatic electrophilic substitution and this process is used on the 
industrial scale to obtain polymers with ion-exchange properties [173]. Luka et al. introduced 
water solubility into polystyrene by chloromethylation followed by quaternisation reaction with 
tris(2-hydroxyethy1)amine (THEA) in N,N’-dimethyl formamide (DMF) and benzene (Figure 
2.17). However, the reaction that was carried out resulted in the formation of quaternary salts and 
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crosslinked byproduct. The crosslinking was explained by intermolecular rearrangement of 
ammonium quaternary groups during reaction [174]. 
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Figure 2.17. Functionalisation of polystyrene by chloromethylation and quaternisation. 
 
Figure 2.18. Chloromethylation, quaternization and alkalization of SEBS. 
Polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) can be modified by 
chloromethylation followed by quaternisation and alkalisation as described by Zeng et al. [175] 
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(Figure 2.18). The functionalised SEBS showed reduced thermal stability, however chemical 
stability remained unchanged. A low degree of functionalisation resulted in improved water 
uptake of the terpolymers and the polymers showed high ionic conductivity. 
Sulfonation is another method to functionalise polystyrene, polystyrene copolymers and 
terpolymers. The most commonly used sulfonating agents are shown in Figure 2.19 and have 
been summarized by Roth [176], Thaler [177], Kučera and Jančář [178].  
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Figure 2.19. Commonly used sulfonating agent species. 
Roth summarized the factors affecting the sulfonation of poly(vinyl aromatics). The type and 
molecular weight of polymer, type of solvent, concentration and purity of reactants, stochiometry 
of reaction, rate of agitation, temperature and order of added reactants were described as reaction 
conditions that can affect the rate of sulfonation [176]. Thaler synthesised a novel hydrocarbon 
soluble sulfonating agent species based on higher molecular weight carboxylic acids prepared by 
reaction of carboxylic acids with sulfur trioxide or sulfonic acid. Improved sulfonation rates of 
polystyrene were demonstrated that were accredited to the higher solubility of sulfonating agents 
in the reaction medium. Kučera and Jančář reviewed the homogeneous and heterogeneous 
sulfonation of polymers especially polystyrene and the influence of the reaction conditions on 
the sulfonation [178]. Few commonly used sulfonating agents such as sulphuric acid, oleum, 
chlorosulfonic acid, fluorosulfonic acid, amidosulfonic acid, free sulfur trioxide and its 
complexes, halogen derivatives of sulfuric acid that were used for sulfonation of polymers, were 
named. Kučera and Jančář also described the most common problems with the sulfonation 
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reaction, such as desulfonation that is promoted by diluted solutions of acid and the presence of 
water as well as the formation of sulfone that occurs at high temperatures. 
Preparation of sulfonated polystyrene was reported by Martins et al. [179], Carvalho and 
Curvelo [180]. The sulfonation was carried out in 1,2-dichloromethane under mild sulfonation 
conditions with the use of acetyl sulfate formed in-situ (Figure 2.20).  
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Figure 2.20. Reaction scheme of homogeneous sulfonation : (A) acetyl sulfate generation and 
(B) sulfonation of polystyrene (PS) [179]. 
Sulfonated polystyrene achieved by Martins et al. was prepared at 40ºC with a maximum degree 
of sulfonation of ~20 mol%. The polymers showed decreased thermal stability as compared to 
polystyrene. Carvalho and Curvelo obtained water soluble sulfonated polystyrenes while 
carrying out sulfonation at room temperature. Polymers were found to be soluble in mixtures of 
tetrahydrofuran (THF) and water (50/50% v/v) and at 52 mol% degree of sulfonation the 
polymers were soluble in water. Polymer solutions dissolved in 1:1 (v/v) water: THF mixture 
demonstrated typical polyelectrolyte behaviour and an increase in viscosity of polymers was 
observed with increasing degree of sulfonation. A decrease in the viscosity was also observed 
with increases in the concentration of sodium chloride. 
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Sułkowski et al. demonstrated the modification of polystyrene with silica-sulfuric acid carried 
out in 1,2-dichloroethane at 30 to 60ºC and at sulfonation time between 60 to 720 minutes [181]. 
The sulfonated polystyrene was not soluble in water but was characterised by high water 
absorption when reaction was carried out at 60ºC and when 4 mol eq of sulfonating agent was 
used. Sułkowski et al. also showed that the degree of sulfonation increased with increases in 
reaction time and temperature. The products obtained had high ion exchange capacities. 
Sulfonation of SEBS can be achieved by reaction with acetyl sulfate at 50-60 ºC in 1,2-
dichloroethane as reported by Picchioni et al. [182], Kim et al. [183],  Hwang et al. [184, 185], 
Barra et al. [186] and Johnson et al. [187]. The sulfonated polymers were prepared for use in 
membrane applications and all the copolymers studied contained up to 30 wt % of styrene.  The 
sulfonation was carried out for 2-3 hours and none of the polymers obtained was water soluble. 
All the authors demonstrated an increase in sulfonation level, proton conductivities and 
water/methanol uptake with increase in sulfonating agent concentration. Moreover, Picchioni et 
al. showed that the yield decreased upon an increase in the concentration of acetyl sulfate [182]. 
Furthermore, the thermal stability of the polymer increased with an increase in the degree of 
sulfonation. 
The sulfonation of poly(styrene-isobutylene-styrene) (SIBS) containing 19 moles% of 
polystyrene was described by Elabd and Napadensky and was carried out with acetyl sulfate in 
methylene chloride at 40ºC [188]. The authors demonstrated an increase in the degree of 
sulfonation, ionic conductivity, water solubility and a decrease in reaction efficiency with 
increasing concentration of the sulfonating agent. The latter was attributed to the decrease in 
solubility of polymer in the course of reaction. 
Sulfonation of poly(styrene-butadiene-styrene) (SBS) with acetyl sulfate in a mixture of organic 
solvents or chlorosulfonic acid in 1,2-dichloroethane has been also reported by Xie et al. [189] 
and Idibie et al. [190]. Xie et al. reported sulfonation at room temperature in a mixture of 
cyclohexane and acetone as a method to reduce polymer insolubility and gelation problems 
during the reaction. The authors demonstrated an increase in the degree of sulfonation and an 
increase in the solution viscosity in toluene/methanol mixture with increases in the concentration 
of acetyl sulfate. The increase in viscosity was a result of the association of polymer. 
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Sulfonated SBS ionomers can be also prepared by emulsion polymerisation of sodium styrene 
sulfonate and butadiene; however research in this area is not as extensive as for post-sulfonation 
mainly due to the high crosslinking tendency during the course of polymerisation. Weiss, 
Lundberg and Werner prepared copolymers containing 0.5 to 4 mol% of sulfonated monomers in 
the presence of a triethylenetetramine and diisopropylbenzene hydroperoxide redox initiator pair 
[191]. It has been demonstrated that the polymerisation process was dependent on several factors 
such as Hydrophilic-Lipophilic Balance (HLB) of the surfactant used with the optimal reaction 
rate being achieved with a surfactant of a HLB of 29. The increase in the concentration of 
sulfonated monomer resulted in an increase in conversion, due to the surfactant like properties of 
sodium styrene sulfonate. The composition, molecular weight and solubility behaviour of the 
copolymers prepared were found to be strongly dependent on the conversion. Weiss, Lundberg 
and Werner also observed increase in tendency in polymer crosslinking with an increase in 
conversion. 
 
2.7.8. Polyisoprene copolymers and terpolymers 
The work on the selective sulfonation of polyisoprene block in polystyrene-isoprene copolymers 
and terpolymers was first pioneered by Japan Synthetic Rubber Co. and published by 
Szczubiałka, Ishikawa and Morishima [192, 193] and later by Gatsouli et al. [194] and Wang et 
al. [195]. The sulfonation of isoprene segment in block copolymers and terpolymers (Figure 
2.21) was carried out with a sulphur trioxide/1,4-dioxane complex that was prepared in-situ by 
the reaction between concentrated sulphuric acid and 1,4-dioxane. Szczubiałka, Ishikawa and 
Morishima synthesised water soluble copolymers and terpolymers and demonstrated that the 
polymer molecules associate intermolecularly to form core-corona and flower type micelles. The 
diameter of core-corona micelles was found to be large and independent on the polymer 
concentration up to 1 g·L
-1
; however a decrease in the size of micelles was seen when salt was 
added. The hydrodynamic radius was also demonstrated to be dependent on the content of 
polystyrene and these polymers were found to have highest aggregation number. Based on a 
fluorescence and quasielastic light scattering study, Szczubiałka et al. demonstrated that the 
terpolymers formed oligomeric aggregates below the critical aggregation concentration. Above 
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critical aggreagation concentration however, unimers, oligomeric aggregates and micelles were 
present. The type of structures formed by polymers was dependent on the content of styrene in 
terpolymer and bridged-micelles were present when content of styrene was the highest.   
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Figure 2.21. Structure of sulfonated styrene-isoprene copolymers. 
Uchman et al. [196] and Pispas [197] have also investigated the behaviour of sulfonated 
terpolymer of styrene, isoprene and ethylene oxide and and copolymer of isoprene and ethylene 
oxide. The authors sulfonated polymers with chlorosulfonyl isocyanate in dry diethyl ether. The 
copolymers were found to follow typical polyelectrolyte behaviour. Uchman et al. demonstrated 
the terpolymers containing styrene blocks to form multicomponent micelles with a 
polyethyleneoxide shell and a raspberry-like sulfonated polyisoprene core containing polystyrene 
domains. The behaviour of the aggregates was found to be dependent on the pH with smaller 
aggregates forming in alkaline medium. Complex aggregation mechanism dependent on pH was 
also demonstrated, which was attributed to the amphiphilic character of the polyisoprene block 
and the hydrogen bonding between the sulfonic acid groups and the PEO block. 
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Chapter 3  
Experimental Methods 
3.1. Materials 
The following monomers were used in polymerisations: acrylamide (AAm) (99%, Sigma-
Aldrich) was recrystallised twice from acetone (99.5%, VWR) and n-decyl acrylamide (DAAm) 
(>98%, Monomer-Polymer Dajac) was recrystallised twice from a mixture of acetone and 
hexane (99%, VWR) (1:2 v/v respectively). N-hydroxyethyl acrylamide (HEAAm) (97%, 
Sigma-Aldrich) and n-octadecyl acrylamide (ODAAm) (99%, Polysciences) were used without 
further purification. Potassium persulfate (≥99%, Sigma-Aldrich) and sodium metabisulfate 
(≥99%, Sigma-Aldrich) were used as initiators in polymerisation and used without further 
purification. Sodium dodecyl sulfate (SDS) (≥99.0%, Sigma) was used as a surfactant in micellar 
polymerisation and used as received. Poly(styrene-block-butadiene) (SBR), block copolymer of 
styrene and butadiene was kindly provided by BASF. The copolymer contained 71.1 mol% of 
polystyrene (PS) and had a weight average molecular weight of 143 kDa and the PDI of 1.4 (data 
provided by the manufacturer). Poly(styrene-block-butadiene) was supplied as a mixture of block 
copolymer and ~ 5 (w/w) % of polystyrene homopolymer. The polymer pellets were dried under 
vacuum at 60ºC for 24 hours and stored in a desiccator before use. Sulfuric acid (99.999%, 
Sigma-Aldrich) and acetic anhydride (≥99%, Sigma-Aldrich) were used to prepare acetyl sulfate 
and used as acquired. Propan-2-ol (99.5%, VWR) used to quench sulfonation reaction was used 
as received. Dry 1,2-dichloroethane (0.003% of H2O, ≥99%, Sigma-Aldrich) was stored under 
dried argon. Diethyl ether (≥99.7%, VWR), 1,2-dichloromethane (≥99.8%, VWR), acetone 
(≥99.8%, VWR), tetrahydrofuran (≥99%, VWR), dimethyl sulfoxide (≥99.9%, VWR) and 
methanol (≥99.8%, HPLC grade, VWR) were used as received. α-Cyclodextrin (≥98%, Sigma-
Aldrich), β-Cyclodextrin (≥99%, Sigma-Aldrich), potassium chloride (≥99.5%, BDH), sodium 
chloride (≥99.5%, Fluka) and calcium chloride dihydrate (≥99.5%, Sigma) were used as 
received. Polyacrylamide used in drag reduction study as a control sample (Polysciences Inc., 
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Mw=1085 kDa, PDI= 2.05, values determined by GPC) was supplied as a solution in deionised 
water and was freeze dried before use. Sodium azide (≥ 99%, Sigma-Aldrich) was used as 
antibacterial agent and sodium nitrate (≥98%, BDH) was used to prepare the GPC eluent. These 
chemicals were used without further purification. Microsilica used in adsorption and desorption 
study (Dura-Sil E, Durapact), had a surface area of 48 m
2
·g (value determined by BET, ASAP 
2010 Micromeritics, UK). NMR solvents, deuterium oxide (D2O, 99.8 atom% D, Merck), 
deuterated tetrahydrofurane (d8-THF, 99.5 atom% D, Sigma) and deuterated chloroform (d1-
CDCl3, 99.96 atom % D, Merck) were used as received. Pureshield argon (99.998%, BOC) and 
piped nitrogen (BOC) was passed through a calcium carbonate, sodium hydroxide and self-
indicating silica drying column with the length of ~20 cm. The dialysis tubing (Biodesign, Fisher 
Scientific) used in purification of polymers had a molecular weight cut off (MWCO) of 3500 Da 
and was washed in deionised water for 5 minutes before use. Deionised water (“Option 4”, 
Water Purifier, Elga, UK) was used for all experiments. 
The materials were weighed with an accuracy of ±0.1 mg and solvents were weighed with an 
accuracy of ±0.1 or 10 mg. 
 
3.2. Synthesis of hydrophobically modified polyacrylamide copolymers 
3.2.1. Micellar copolymerisation of acrylamide and n-decyl acrylamide 
OH2N
+
O N
H
K2S2O8/Na2S2O5
50oC, SDS, N2, 24hrs
NH
O NH2
O
n
m
n m
 
Figure 3.1. The reaction scheme for the synthesis of poly(acrylamide-co-n-decyl acrylamide). 
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Acrylamide (AAm), n-decyl acrylamide (DAAm) and sodium dodecyl sulfate (SDS) (for 
quantities see Table 3.1) were mixed with deionised water in a 50 ml round bottom flask 
equipped with magnetic stirrer, oil bath, external temperature probe, Young’s adapter and 
nitrogen inlet and outlet. The mixture was stirred at room temperature for two hours until 
homogeneous and a transparent solution was obtained. The mixture was degassed by three 
successive freeze-pump-thaw cycles. The initiator solution was prepared by dissolving, 
potassium persulfate (2.5 mg, 9.24 μmol) and sodium metabisulfate (1.6 mg, 8.4 μmol) in 2 g of 
deionised water. This solution was also degassed by three successive freeze-pump-thaw cycles 
and purged with nitrogen for 60 seconds. The monomer mixture was heated to 50°C and the 
initiator solution was injected at temperature. The resulting solution was purged with nitrogen for 
an hour. Polymerisation was carried out for 24 hours before 100 ml of deionised water was 
added to a viscous polymer solution or hard gel (especially for polymers at higher content of 
hydrophobic monomer). The polymer was then gently stirred for 12 to 24 hours until dissolution 
was complete. The dissolution was determined visually. This solution was precipitated into 500 
ml of acetone whilst being vigorously stirred. The clumpy white precipitate was cut into pellets 
smaller than 1 cm and gently agitated in acetone overnight. The solid was removed by filtration 
and redissolved in 150 ml of deionised water for 12 to 24 hours with gentle agitation. The 
polymer solution was then dialysed against 2 litres of deionised water for a week. Deionised 
water was replaced once every hour in the first 12 hours and then twice a day for the reminder of 
dialysis. The progress of the dialysis process was followed by measuring the conductivity of the 
extracting water phase. The polymer was transferred from dialysis tube into a clean beaker and 
recovered by lyophilisation to yield white fluffy solid (Edwards Modulyo freeze dryer, West 
Sussex, UK). 
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Sample 
AAm 
(g) 
(mmol) 
DAAm 
(g) 
(mmol) 
(mol% of total monomer) 
SDS 
(g) 
(mmol) 
DiH2O 
(g) 
NH [126, 130] 
AD1 
2.354 
33.13 
0.369 
1.745 
5.01 
2.529 
8.772 
75.19 13.0 
AD2 
2.354 
33.12 
0.216 
1.020 
2.99 
2.528 
8.7671 
75.36 7.58 
AD3 
2.353 
33.11 
0.1062 
0.5025 
1.49 
2.520 
8.739 
74.81 3.74 
AD4 
2.353 
33.11 
0.071 
0.334 
0.92 
2.528 
8.765 
75.05 2.57 
AD5 
2.353 
33.11 
0.060 
0.284 
0.85 
2.527 
8.763 
75.14 2.11 
AD6 
2.353 
33.11 
0.046 
0.217 
0.61 
2.528 
8.768 
75.27 1.61 
AD7 
2.354 
33.12 
0.060 
0.285 
0.79 
2.427 
8.416 
11.77 2.06 
AD8 
2.354 
33.12 
0.046 
0.219 
0.62 
2.427 
8.416 
11.77 1.58 
AD9 
2.355 
33.13 
0.032 
0.1495 
0.45 
2.4263 
8.4141 
11.77 1.08 
AD10 
2.353 
33.11 
0.017 
0.083 
0.29 
2.427 
8.417 
11.77 0.60 
Table 3.1. Composition of the monomer mixture for polymerisations AD1-AD10. 
 
The polymers that were synthesised at high NH (>2.1, Table 3.1) and formed a suspension in 
deionised water, were cut into pellets smaller than 1 cm after precipitation into 500 ml of 
acetone. The solid polymer was stirred gently in acetone overnight. The white polymer pellets 
were recovered by filtration, placed into 500 ml of fresh acetone and stirred in acetone overnight. 
This process was repeated 5 times. The white polymer pellets were then dried under vacuum at 
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room temperature to constant weight. Yield, molecular weights and hydrophobic monomer 
content are presented in Chapter 4 Section 4.2.1 Table 4.1. Typical 
1
H NMR (400 MHz, D2O): δ 
(ppm) 0.8 (m, 3H, CH3, DAAm), 1.2 (s, 16H, CH2, DAAm), 1.25-1.7 (br, 4H, CH2, DAAm and 
AAm, backbone), 2.0-2.35 (br, 2H, CH, DAAm and AAm, backbone), 3.1 (s, 2H, CH2, DAAm). 
The yield of polymerisation (Y) was determined gravimetrically: 
     
  
  
      (3) 
Where WP is the weight of the freeze dried polymer and WM is the weight of the monomers. 
   
   
                   
  (4) 
Where NH is the number of hydrophobic monomers per surfactant micelle, [H] is the initial molar 
concentration of n-decyl acrylamide, [SDS] is the molar concentration of surfactant, CMCSDS is 
critical micellar concentration of SDS at 50°C (9.2·10
-3 
mol·L
-1 
[126]), Nagg is the aggregation 
number of SDS (60 at 50 °C [128, 130]) 
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3.2.2. Micellar copolymerisation of acrylamide and n-octadecyl acrylamide 
OH2N
+
O N
H
K2S2O8/Na2S2O5
50oC, SDS, N2, 24hrs
NH
O NH2
O
n
m
n m
 
Figure 3.2. Reaction scheme for the synthesis of poly(acrylamide-co-n-octadecyl acrylamide). 
The synthesis and purification of product was carried out according to the procedure used in 
Section 3.2.1 (for the reagent quantities see Table 3.2). The mixture of SDS, n-octadecyl 
acrylamide and deionised water was however stirred for 60 minutes at 80ºC to allow dissolution 
of the hydrophobic monomer. Once the solution was homogeneous and transparent the 
temperature was decreased to 25ºC and acrylamide (AAm) was mixed in. The polymerisation 
yielded a white fluffy product or polymer pellets for copolymers AOD1 and AOD2. Yield, 
molecular weights and hydrophobic monomer content are presented in Chapter 4 Section 4.2.1 
Table 4.1. Typical 
1
H NMR (400 MHz, D2O): δ (ppm) 0.8 (m, 3H, CH3, ODAAm), 1.2 (s, 32H, 
CH2, ODAAm), 1.25-1.7 (br, 4H, CH2, ODAAm and AAm, backbone), 2.0-2.35 (br, 2H, CH, 
ODAAm and AAm, backbone), 3.1 (s, 2H, CH2, ODAAm). 
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Sample 
AAm 
(g) 
(mmol) 
ODAAm 
(g) 
(mmol) 
(mol% of total 
monomer) 
SDS 
(g) 
(mmol) 
DiH2O 
(g) 
NH 
AOD1 
2.354 
33.11 
0.048 
0.150 
0.430 
2.427 
8.418 
11.77 1.08 
AOD2 
2.353 
33.11 
0.027 
0.083 
0.245 
2.427 
8.417 
11.77 0.60 
AOD3 
2.352 
33.10 
0.011 
0.033 
0.099 
2.427 
8.418 
11.77 0.24 
Table 3.2.  Composition of the monomer mixture for polymerisations AOD1-AOD3. 
3.2.3. Synthesis of polyacrylamide (PAAm0) 
OH2N
K2S2O8/Na2S2O5
50oC, SDS, N2, 24hrs OH2N
nn
 
Figure 3.3. Reaction scheme for the synthesis of PAAm0. 
The synthesis and purification of polyacrylamide was carried out according to the procedure 
used in Section 3.2.1. The following quantities of reagents were used: acrylamide (AAm, 2.355 
g, 33.12 mmoles), sodium dodecyl sulfate (SDS, 2.426 g, 8.414 mmoles), potassium persulfate 
(2.5 mg, 9.24 μmol), sodium metabisulfate (1.6 mg, 8.4 μmol) and deionised water (11.78 g). 
The polymerisation yielded a white fluffy product (1.954 g). GPC: Mw= 1896 kDa, Mn= 1458.5 
kDa, PDI= 1.3. 
1
H NMR (400 MHz, D2O): δ (ppm) 1.3-1.6 (br, 2H, CH2), 2.0-2.35 (br, 1H, CH). 
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3.3. Synthesis of hydrophobically modified poly(N-hydroxyethyl acrylamide) 
copolymers 
3.3.1. Micellar copolymerisation of N-hydroxyethyl acrylamide and n-decyl 
acrylamide 
OHN
+
O N
H
K2S2O8/Na2S2O5
50oC, SDS, N2, 24hrs
NH
O NH
O
n
m
OH
OH
n m
 
Figure 3.4. Reaction scheme for the synthesis of poly(N-hydroxyethyl acrylamide-co-n-decyl 
acrylamide). 
The synthesis and purification of copolymers of poly(N-hydroxyethyl acrylamide) was carried 
out according to the procedure used in Section 3.2.1 (for quantities of reactants see Table 3.3). 
The quantities of other reagents were as follows: potassium persulfate (2.4 mg, 8.88 µmol) and 
sodium metabisulfate (1.7 mg, 8.95 μmol). The yield of polymerisation was calculated according 
to Equation 3 (see section 3.2.1). Yield, molecular weights and the hydrophobic monomer 
content are presented in Chapter 6 Section 6.2.1 Table 6.1. Typical 
1
H NMR (400 MHz, D2O): δ 
(ppm) 0.8 (m, 3H, CH3, DAAm), 1.1 (s, 16H, CH2, DAAm), 1.2-1.6 (br, 4H, CH2, DAAm and 
HEAAm, backbone), 1.8-2.25 (br, 2H, CH, DAAm and HEAAm, backbone), 3.1-3.4 (s, 2H, 
CH2, CH2OH HEAAm and 2H, CH2, DAAm), 3.5-3.6 (2H, CH2, CH2NH HEAAm). 
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Sample 
HEAAm 
(g) 
(mmol) 
DAAm 
(g) 
(mmol) 
(mol% of total 
monomer) 
SDS 
(g) 
(mmol) 
Di-H2O 
(g) 
NH 
HED1 
2.114 
18.36 
0.028 
0.133 
0.72 
1.515 
5.25 
11.77 1.55 
HED2 
2.117 
18.39 
0.020 
0.093 
0.50 
1.515 
5.25 
11.77 1.08 
HED3 
2.117 
18.39 
0.011 
0.052 
0.28 
1.514 
5.25 
11.77 0.61 
Table 3.3. Composition of the monomer mixture for polymerisations HED1-HED3. 
3.3.2. Micellar copolymerisation of N-hydroxyethylacrylamide and n-
octadecyl acrylamide (HEOD1) 
OHN
+
O N
H
K2S2O8/Na2S2O5
50oC, SDS, N2, 24hrs
NH
O NH
O
n
m
OH
OH
n m
 
Figure 3.5. Reaction scheme for the synthesis of HEOD1. 
The synthesis and purification of HEOD1 was carried out according to the procedure used in 
Section 3.2.1. The following quantities of reagents were used: N-hydroxyethyl acrylamide 
(HEAAm, 2.253 g, 19.57 mmoles), n-octadecyl acrylamide (0.007 g, 2·10
-5 
moles, 0.1 mol%), 
sodium dodecyl sulfate (SDS, 1.514 g, 5.25 mmoles), potassium persulfate (2.4 mg, 8.88 µmol), 
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sodium metabisulfate (1.7 mg, 8.95 µmol) and deionised water (11.78 g). The mixture of SDS, n-
octadecyl acrylamide and deionised water was stirred for 60 minutes at 80ºC to allow dissolution 
of the hydrophobic monomer first. Once the solution was homogeneous and transparent the 
temperature was decreased to 25ºC and N-hydroxyethyl acrylamide (HEAAm) was mixed in. 
The polymerisation yielded a white fluffy product (1.600 g). GPC: Mw= 204 kDa, Mn= 136 kDa, 
PDI= 1.5. H (mol%) by NMR: 0.11, 
1
H NMR (400 MHz, D2O): δ (ppm) 0.8 (m, 3H, CH3, 
ODAAm), 1.1 (s, 32H, CH2, ODAAm), 1.2-1.6 (br, 4H, CH2, ODAAm and HEAAm, backbone), 
1.8-2.25 (br, 4H, CH, ODAAm and HEAAm, backbone), 3.1-3.4 (s, 2H, CH2OH, HEAAm and 
2H, CH2, ODAAm), 3.5-3.6 (2H, CH2NH, HEAAm) 
 
3.3.3. Synthesis of poly(N-hydroxyethyl acrylamide) (PHEAAm0) 
OHN
OH
K2S2O8/Na2S2O5
50oC, SDS, N2, 24hrs
OHN
OH
nn
 
Figure 3.6. Reaction scheme for the synthesis of PHEAAm0. 
The synthesis and purification of poly(N-hydroxyethyl acrylamide) was carried out according to 
the procedure used in Section 3.2.1. The following quantities of reagents were used: N-
hydroxyethyl acrylamide (HEAAm 2.354 g, 20.44 mmoles), sodium dodecyl sulfate (SDS 1.514 
g, 5.252 mmoles), potassium persulfate (2.4 mg, 8.88 μmol), sodium metabisulfate (1.7 mg, 8.95 
μmol) and deionised water (11.777 g). The polymerisation yielded a white fluffy product (1.742 
g). GPC: Mw= 633 kDa, Mn= 352 kDa, PDI= 1.8. 
1
H NMR (400 MHz, D2O): δ (ppm) 1.2-1.6 
(br, 2H, CH2, Backbone), 1.8-2.25 (br, 1H, CH, Backbone), 3.1-3.4 (m, 2H, CH2OH, HEAAm), 
3.5-3.6 (m, 2H, CH2NH , HEAAm) 
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3.4. Synthesis of sulfonated poly(styrene-block-butadiene) 
3.4.1. The synthesis of acetyl sulfate 
 
Figure 3.7. The reaction scheme for the synthesis of acetyl sulfate. 
Acetyl sulfate was synthesized according to the procedure by Hwang et al. [184]. The glassware 
was dried in 100ºC oven overnight, allowed to cool down in desiccator and flushed with dry 
argon before use. The reaction was carried out in 50 ml round bottom flask equipped with 
Young’s tap, mercury thermometer and argon inlet and outlet. The predetermined amount of 
acetic anhydride (2 mol eq. with respect to concentrated sulfuric acid, Table 3.4) was added to a 
flask and cooled to -10°C using a CaCl2/ice bath. Concentrated sulfuric acid in a predetermined 
amount (1 mol eq. with respect to acetic anhydride, Table 3.4) was then added dropwise over 30 
minutes in such a way so that the temperature did not exceed 0°C. A viscous and transparent 
liquid mixture containing acetyl sufate and acetic acid was formed which was allowed to warm 
to room temperature. The prepared mixture was used immediately. The yield of formation of 
acetyl sulfate could not be determined due to the instability of the product. A complete 
conversion of sulfuric acid was assumed based on the literature reports [180, 185, 188, 189]. 
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Sample 
Acetic 
anhydride 
(ml) 
(mmol) 
c. H2SO4 
(ml) 
(mmol) 
Poly(styrene-
block-
butadiene) 
(g) 
Acetyl 
sulfate:polymer 
(meq:meq) 
T 
(ºC) 
Time 
(hrs) 
Work-
up 
SSB1 
0.753 
7.980 
0.213 
3.996 
0.500 0.72:1 25 1 A 
SSB2 
0.753 
7.980 
0.213 
3.996 
0.500 0.72:1 25 24 A 
SSB3 
1.506 
15.96 
0.427 
8.010 
0.500 1.4:1 25 24 A 
SSB4 
3.013 
31.93 
0.850 
15.94 
0.502 2.9:1 25 24 A 
SSB5 
6.025 
63.86 
1.698 
31.85 
0.501 5.74:1 25 24 B 
SSB6 
6.025 
63.86 
1.700 
31.85 
0.500 5.74:1 40 24 B 
SSB7 
12.05 
127.7 
3.400 
63.78 
0.505 11.49:1 25 3 A 
SSB8 
12.05 
127.7 
3.400 
63.78 
0.502 11.49:1 25 24 B 
SSB9 
12.05 
127.7 
3.400 
63.78 
0.501 11.49:1 25 48 B 
SSB10 
12.05 
127.7 
3.400 
63.78 
0.502 11.49:1 40 24 B 
SSB11 
18.07 
191.5 
5.093 
95.5 
0.500 17.2:1 25 24 B 
SSB12 
24.1 
255.4 
6.791 
127.4 
0.501 22.95:1 25 24 B 
Table 3.4. The reaction conditions for sulfonation of poly(styrene-block-butadiene) 
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3.4.3. Sulfonation of poly(styrene-block-butadiene) with acetyl sulfate 
 
Figure 3.8. The reaction scheme for the sulfonation of poly(styrene-block-butadiene). 
The glassware was dried in 100ºC oven overnight, cooled down in a desiccator and flushed with 
dried argon before use. The reaction was carried out in a 2-neck 50 ml round bottom flask 
equipped with magnetic stirrer, reflux condenser, external thermocouple and argon inlet and 
outlet. Dried poly(styrene-block-butadiene)  (0.501 g) was dissolved in dried 1,2-dichloroethane 
(1,2-DCE, 10 ml) at room temperature overnight under argon. A predetermined amount of 
mixture of acetyl sulfate and acetic acid that was synthesised in section 3.4.1 was added 
dropwise over 15 minutes to the polymer solution at a predetermined temperature (see Table 
3.4). The mixture was stirred from 1 to 48 hours before the reaction was quenched with 10 ml of 
propan-2-ol. The quenching reagent was added slowly and dropwise over 10 minutes. Work-up 
A: The light brown slightly viscous mixture was precipitated in 500 ml of diethyl ether, filtered 
and washed with ~2 litres of diethyl ether until a neutral pH was attained. The pH was checked 
by the pH-indicator strips (pH 0-14, Merck Milipore Co.). The resulting samples were dried at 
room temperature in a desiccator under vacuum to a constant weight. The light brown to medium 
brown grainy solid was stored in a desiccator until required. Work-up B: The very dark brown 
and viscous mixtures were precipitated in 500 ml of 1,2-dichloromethane, filtered and diluted 
with 200 ml of water. The samples were placed inside dialysis tubing (MWCO=3500 Da) and 
dialysed against 2 litres of deionised water until neutral pH was achieved. Deionised water was 
replaced every hour for the first 12 hours then twice a day until neutral pH was reached (~1 
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week). The pH of extracting water phase was measured with pH-indicator strips (pH 0-14, Merck 
Milipore Co.). Polymer solutions were then transferred from the dialysis tube to a clean beaker 
and recovered by lyophilisation (Edwards Modulyo freeze dryer, West Sussex, UK). The dark 
brown fluffy product was stored in the desiccator until required. 
The yield of sulfonation (Y) was determined gravimetrically: 
     
   
  
      (5) 
Where Wsp is the weight of purified sulfonated polymer and Wt is theoretical weight of polymer 
at the determined level of sulfonation. 
The yield of sulfonation and degree of sulfonation is shown in Chapter 7 section 7.2.1 Table 7.1. 
Typical 
1
H NMR (SSB6) (400 MHz, 75% D2O/25% d8-THF): δ (ppm) 1.0-2.0 (br, 19H, CH2 and 
CH PS backbone, CH2 and CH 1,2-PB backbone, CH2 and CH 1,4-PB backbone, CH3 acetyl, d8-
THF), 3.1-3.4 (5H, CH2-SO3H and CH-OCOCH3, 1,2-PB and 1,4-PB, d8-THF), 4.5-4.8 (4H, 
CH2=CH and CH=CH PB if any present), 6.3 (2H, ArC-H, PS), 6.8-7.25 (3H, ArC-H PS), 7.25-
7.75 (4H, ArC-H, PS sulf). FT-IR (neat) νmax (cm
-1
): 966 C=C, 1034 and 1162 O=S=O, 1650 
ArC=C, 3100 C-H, 3490 OH. 
The weight average molecular weight of the sulfonated copolymers could not be determined by 
Gel Permeation Chromatography, due to precipitation of the samples in GPC eluent arising from 
strong interactions between the sulfonate groups and interactions within the hydrophobic chains.  
 
3.5. Characterisation methods 
3.5.1. Nuclear Magnetic Resonance Spectroscopy (NMR) 
1
H NMR was used to structurally characterize polymers and to determine the level of 
hydrophobic monomer incorporated into the copolymer. The NMR spectra of the monomers, 
synthesised polymers and poly(styrene-block-butadiene) were recorded on a 2 channel DRX-400 
spectrometer (400 MHz, Bruker, Germany) using D2O, d1-CDCl3 and d8-tetrahydrofurane as 
solvents at 25ºC. Chemical shifts are expressed in parts per million (ppm, δ). The errors of the 
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measurements were limited by the accuracy of approximately 1-2% [198]. Spectra were 
processed using Mestrenova software version 7.0.2. 
 
3.5.2. Fourier Transform Infrared Spectroscopy (FT-IR) 
FT-IR spectra were recorded to determine the structure of polymers and acquired with a Fourier 
Transform-IR spectrometer with an ATR cell (Perkin Elmer, Spectrum 100, UK). The range of 
acquisition was from 4000 to 500 cm
−1
 at a resolution of 1 cm
−1
. Twenty scans were acquired for 
each measurement.   
 
3.5.3. Gel Permeation Chromatography (GPC) 
GPC-50+ system (Polymer Laboratories Ltd) was used to analyse the molecular weight of the 
polymers. The system was equipped with a triple detector assembly: refractive index (PL-RI), 
viscosity (PL-BV 400RT) and light scattering (15° and 90° PL-LS) detectors. A guard column 
(PL Aquagel-OH Guard 8 µm 50x7.5 mm) and two columns (PL Aquagel-OH Mixed-H 8 µm 
300x7.5 mm) were used in a series to separate the polymer molecules based on their 
hydrodynamic volume. The detectable molecular weight range is 100 to 10·10
6
 g·mol
-1
. 
Polyethylene oxide (PEO) standards in a range of molecular weights 106 to 1258000 g·mol
-1
 
(Polymer Laboratories Ltd) in form of Easy Vials and polyethylene oxide (PEO) of Mw= 124700 
g·mol
-1
 (Polymer Labs) were used to calibrate all three detectors. The mobile phase used was 
composed of 20 % of methanol (HPLC Grade, VWR), 80 % of 0.1M NaNO3 and 0.01% w/w 
NaN3 in deionised water at the flow rate of 0.7 ml·min
-1
 at 25ºC. Methanol was used to eliminate 
hydrophobic interaction in the polymers. The eluent was filtered through a series of in-line filters 
0.25, 0.1 and 0.02 µm (Anodisc Millipore, Millipore Co. and Anotop 10 Plus with glass 
microfiber prefilter, Whatman) prior to use in order to remove any contamination that would 
interfere with the light scattering detector.  
Samples were prepared by the dissolution of the polymers in filtered eluent for 24 hours at a 
concentration of 0.25 to 0.5 mg
.
ml
-1
 and additionally filtered through 0.22 µm polyethersulfone 
membrane Milex syringe filter (Millipore Co.) prior to injection. The chromatograms were 
analysed using PL Cirrus software v.3.0 (Polymer Laboratories Ltd). 
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3.5.4. Differential Scanning Calorimetry (DSC) 
The thermal behaviour of the synthesised polymers and control samples was examined using a 
Differential Scanning Calorimeter (DSC, Q2000, TA Instruments, USA). The equipment was 
calibrated using indium and zinc standards to cover the studied temperature range between -150 
ºC to 250 ºC. Samples were weighted into an aluminium Tzero pan with a hermetic Tzero lid and 
measured in a helium atmosphere at the rate of 10ºC·min
-1
. A sample size of 5 to 10 mg was used 
in each measurement.  
 
3.5.5. Dynamic Mechanical Analysis (DMA) 
The thermal behaviour and dynamic properties of the polymer samples were characterised using 
Dynamic Mechanical Analysis (DMA, Tritec 2000, Triton Technology Ltd, Keyworth, UK). 
DMA was performed in a dual beam cantilever bending mode with a gauge length of 10 mm. 
The sample was grinded mechanically using mortar and pestle. The ground sample of a weight 
approximately 15-20 mg was placed in the foldable stainless steel powder pocket (Triton 
Technology, Metter Toledo). The storage modulus, loss modulus and tan delta (tan δ) were 
measured from 25°C to 250°C using a heating rate of 5°C· min
-1
 at the frequency of 1 Hz. 
 
3.5.6. Thermal Gravimetric Analysis (TGA) 
The thermal degradation behaviour of the polymer samples was characterised using Thermal 
Gravimetric Analysis (TGA, Q500, TA Instruments, West Sussex, UK). A sample size of 
approximately 5 mg was used. The thermal behaviour was measured from 25 °C to 550°C at the 
heating rate of 10°C· min
-1
. The measurements were carried out under a nitrogen atmosphere. 
 
3.5.7. Elemental Analysis (EA) 
Elemental analysis was used to determine carbon, hydrogen, nitrogen and sulfur content in 
polymer samples and to calculate the degree of sulfonation in sulfonated poly(styrene-block-
butadiene). The analysis was carried out at University of Cambridge at the Department of 
Chemistry by Mr. Alan Dickerson and at University of Warwick by the Exeter Analytical-
Elemental Analysis Services.  
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3.5.8. Determination of hydrophobic monomer content in copolymers 
The content of n-decyl acrylamide in copolymers was determined by 
1
H NMR and calculated 
using Equation 6 for polyacrylamide copolymers and Equation 7 for poly(N-hydroxeythyl 
acrylamide) copolymers: 
            
    
           
       (6) 
            
      
             
       (7) 
Since an intensity of a methyl peak in copolymers containing n-octadecyl acrylamide was too 
low, the integrals of methylene peak found at 1.2 ppm were used instead. Content of n-octadecyl 
acrylamide in copolymers was calculated using Equation 8 for polyacrylamide copolymers and 
Equation 9 for poly(N-hydroxeythyl acrylamide) copolymers: 
             
    
            
       (8) 
             
      
              
       (9) 
Where ODAAm is the content of n-octadecyl acrylamide in the copolymer in mol%, DAAm is 
the content of  n-decyl acrylamide in the copolymer in mol%, I0.8 is the integral area of methyl 
protons in n-decyl acrylamide, I1.2 is the integral area of methylene protons in n-octadecyl 
acrylamide I2.2 is the integral area of methine protons in the polyacrylamide backbone and I1.6 is 
the integral area of methylene protons in poly(N-hydroxeythyl acrylamide) backbone (the 
exemplar 
1
H NMR spectra of poly(acrylamide-co-n-decyl acrylamide) (AD7), poly(N-
hydroxyethyl acrylamide-co-n-decyl acrylamide) (HED1), poly(acrylamide-co-n-octadecyl 
acrylamide) (AOD3) and poly(N-hydroxyethyl acrylamide-co-n-octadecyl acrylamide) 
(HEOD1) demonstrating integrals are shown in Figure 3.9, Figure 3.10, Figure 3.11 and Figure 
3.12). 
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Figure 3.9. 
1
H NMR spectrum of poly(acrylamide-co-n-decyl acrylamide) (AD7). 
 
Figure 3.10. 1H NMR spectrum of poly(N-hydroxyethyl acrylamide-co-n-decyl acrylamide) 
(HED1). 
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Figure 3.11.  
1
H NMR spectrum of poly(acrylamide-co-n-octadecyl acrylamide) (AOD3). 
 
Figure 3.12. 1H NMR spectrum of poly(N-hydroxyethyl acrylamide-co-n-octadecyl acrylamide) 
(HEOD1). 
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The content of hydrophobic monomer was also confirmed by elemental analysis. The analysis of 
the content of n-decyl acrylamide in poly(acrylamide-co-n-decyl acrylamide) and n-octadecyl 
acrylamide in poly(acrylamide-co-n-octadecyl acrylamide) is based on the formula 10 and 11, 
respectively: 
           
   
  
  
    
  
  
  
  
       (10) 
            
      
  
  
      
  
  
  
  
      (11) 
The analysis of the content of n-decyl acrylamide in poly(N-hydroxyethyl acrylamide-co-n-decyl 
acrylamide) and n-octadecyl acrylamide in poly(N-hydroxyethyl acrylamide-co-n-octadecyl 
acrylamide) is based on the formula 12 and 13, respectively: 
           
     
  
  
      
  
  
  
  
      (12) 
            
      
  
  
      
  
  
  
  
      (13) 
Where C% and N% are the weight percentages of carbon and nitrogen as determined by 
elemental analysis, MC is the atomic mass of carbon 12.01 g·mol
-1 
and MN is the atomic mass of 
nitrogen 14.01 g·mol
-1
. 
The data is presented in Chapter 4 section 4.2.1 Table 4.1 for copolymers of acrylamide and 
Chapter 6 section 6.2.1 Table 6.1 for copolymers of N-hydroxyethyl acrylamide. 
 
3.5.9. Determination of the degree of sulfonation 
The degree of sulfonation in modified poly(styrene-block-butadiene) was determined using 
elemental analysis and calculated with the formula: 
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   (15) 
                            (16) 
                
                
         
   (17) 
        
    
  
 
 
         
        (18) 
Where mCinPS is the mass of carbon in polystyrene, xPS is the weight fraction of polystyrene in 
poly(styrene-block-butadiene) 83 wt%, MPS is the molecular weight of styrene repeat unit 104.2 
g·mol
-1
, MC is the atomic mass of carbon 12.01 g·mol
-1
, mCinPB is the mass of the carbon in 
polybutadiene, yPB is the weight fraction of polybutadiene in poly(styrene-block-butadiene) 17 
wt%, MPB is the molecular weight of the butadiene repeat unit 54.048 g·mol
-1
, mTotal C is the total 
mass of carbon in polymer, nTotalC is the total number of moles of carbon in polymer, nPS is the 
number of moles of styrene in polymer, nPB is the number of moles butadiene in polymer, mC in EA  
the mass of carbon in the copolymer obtained from elemental analysis, mSEA is the mass of 
sulphur obtained from elemental analysis, MS is the atomic mass of sulfur  32.065 g·mol
-1
. The 
degree of sulfonation of sulfonated polymers is presented in Chapter 7 Section 7.2.1 Table 7.1. 
 
3.5.10. Dynamic Light Scattering (DLS) 
The hydrodynamic radius of polymer samples was determined using a Zetasizer Nano-S 
(Malvern, UK) equipped with a He-Ne laser source operating at λ= 633nm. Deionised water 
(“Option 4”, Water Purifier, ELGA) was used as a solvent and was filtered through 0.22 µm 
polyethersulfone membrane Milex syringe filter (Millipore Co.) before use. The polymer 
solutions were prepared by the dissolution of a known amount of polymer in the filtered solvent. 
After 48 hours of agitation on the shaker at 50 osc·min
-1 
(KS 260 basic, IKA, Staufen, Germany), 
the solutions were filtered using a 0.22 µm polyethersulfone membrane Milex syringe filter 
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(Millipore Co.) directly into the measuring cuvette. The measurements were performed at 25ºC 
with 120 s equilibration time and 120 s measurement time. Each sample was measured 10 times. 
Correlation curves were analysed with Zetasizer software v.6.01 through an inverse Laplace 
transformation using the constrained regularisation method (CONTIN).  
 
3.5.11. Rheology 
The rheology was carried out using an Anton Paar MCR 301 rheometer (Anton Paar GmbH, 
Ostfildern, Germany) equipped with double-gap Couette geometry. The measurements were 
performed at 25ºC and the temperature was controlled with a Minichiller thermostatic bath 
(Huber, UK).  
The apparent viscosity measurements at a constant shear of 10 s
-1 
were used to determine the 
apparent viscosity of the synthesized polymers at a range of concentrations and to determine the 
critical aggregation concentration (Cagg). Apparent viscosity measurements as a function of shear 
rate were also carried out to determine if polymers behave as Newtonian liquids. The curves 
were recorded in a stress-controlled mode. The tests were carried out three times to ensure 
reproducibility and the reported values are an average of these measurements. The error arising 
from equipment was 5%. Solutions for measurements were prepared by the dissolution of the 
polymer in deionised water to obtain a stock solution and agitated on the shaker set to 50 
osc·min
-1
 for 48 hours. Sodium azide (0.02 % w/v) was added as a solid to every solution to 
prevent bacterial degradation. The stock solution was diluted to the required concentrations and 
shaken for a further 12 hours. The polymer samples containing α- and β-Cyclodextrin were 
prepared with the same method. α- and β-Cyclodextrin were added as solids or as a stock 
solution after the dissolution of polymer was complet. These solutions were shaken for a further 
24 hours. The stock solution of each Cylodextrin was prepared by dissolution of 0.015 g of solid 
in 30 g of deionised water. The Cyclodextrin solutions were then aggitated at 250 osc·min
-1
 for 
24 hours. 
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3.5.12. Instantaneous and time dependent drag reduction measurements 
The drag reduction of polymer solutions was measured using the method developed by Nakken 
et al. [73, 199] with a Physica US200 rheometer (Physica Messtechnik GmbH, Stuttgart, 
Germany) equipped with a double-gap Couette geometry. The aspect ratio   
 
  
 was 222, 
where δ* is the gap between the rotor and stator δ*= 0.5 mm and H is the active rotor height 
(Figure 3.13). The measured sample was located in interconnected stationary cylindrically 
shaped stators between which a thin walled tube-shaped-rotor was placed. Above a minimum 
value of the angular velocity of the rotor, Taylor vortices appear in the outer half of the 
measuring geometry.  
 
 
 
 
 
 
 
 
 
 
Figure 3.13. Schematic representation of the double gap cell with axial symmetry used for drag 
reduction study. The measuring cell active rotor height is H = 111.00 mm and the radii are R1 = 
22.25mm, R2 = 22.75mm, R3 = 23.50mm and R4 = 24.00mm. The sample volume was 17 ml.  
The drag reduction efficiency, the percentage of drag reduction (% DR), was calculated using the 
following equations [72, 73]: 
H 
Stator 
R1 
R2 
R3 
R4 
Rotor 
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(19) 
Where   
                
 is the normalized viscosity of the solvent and solution, respectively. 
They are defined as: 
  
                     
                     
         (20) 
  
                   
                    
         (21) 
                             (22) 
Where            
                
 and             
                
 is the apparent viscosity in the Taylor area and at 
the Taylor onset, respectively and    is a normalised rotor speed.  
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Figure 3.14. Taylor onset of polyacrylamide at Mw= 1085 kDa at 0.1 mg•g
-1
. 
The viscosity at the Taylor onset was determined by measuring the apparent viscosity with 
increasing rotational speed of the rotor. Taylor onset can be observed as a rapid increase in 
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viscosity caused by the formation of Taylor vortices (Figure 3.14). The viscosity in the Taylor 
area (Figure 3.15) was measured at constant rotor speed of 2250 rpm which corresponds to a 
shear rate of 11200 s
-1
 and Re~ 2500 in the Couette geometry and Re of 10
6
 in a pipe flow. This 
shear rate was chosen since it is comparable to the shear rates experienced during hydraulic 
fracturing.  
0 5 10 15 20 25 30 35 40 45
0.002
0.003
0.004
0.005
0.006
0.007
 
 
V
is
c
o
s
it
y
 (
P
a
.s
)
Time (s)
 
Figure 3.15. The apparent viscosity as a function of time at constant rotor speed of 2250 rpm 
(11200 s
-1
) for polyacrylamide Mw= 1085 kDa at 0.1 mg•g
-1
. 
Before each measurement, samples were equilibrated at zero shear for 5 minutes in order to 
reach the temperature equilibrium and polymer relaxation. 
The measurements were carried out in triplicate using 17 ml of polymer sample. The temperature 
of the tests was set to 25±0.5ºC and controlled with a water circulatory thermostat (Julabo Series 
MV). During the time dependent drag reduction study; the sample was left for 1-3 hours in the 
cell in order to reach equilibrium after each pass at high shear rate, as well as to ensure full 
relaxation of the polymer. Polymer samples were prepared by dissolving a predetermined 
amount of polymer in deionised water to obtain a stock solution. The samples were shaken at 50 
osc·min
-1
 for 24-48 hours. Sodium azide (0.02 % w/v) was added as a solid to each solution to 
prevent bacterial degradation. The stock solution was diluted to the required concentrations and 
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shaken for a further 12 hours. The polymer samples containing α- and β-Cyclodextrin were 
prepared using the same method as above. α- and β-Cyclodextrin were added as solids or as a 
stock solution after the dissolution of polymer was complete. These solutions were shaken for a 
further 24 hours. The stock solution of each Cylodextrin was prepared by dissolution of 0.015 g 
of solid in 30 g of deionised water. The Cyclodextrin solutions were then shaken at 250 osc·min
-1
 
for 24 hours. 
API brine was prepared by the dissolution of 11.12 g of calcium chloride dihydrate and 90 g of 
sodium chloride in 900 ml of deionised water.The solvent was then filtered through a 0.45 µm 
syringe filter before use. The solution of 2 % (w/v) potassium chloride was obtained by 
dissolution of 20 g of KCl in 1 litre of tap water. The polymers containing API brine and KCl 
were first dissolved in deionised water to obtain stock solutions for 24-48 hours and the 
appropriate amount of salts was then added. This was done to avoid the prolonged dissolution 
time of hydrophobically modified PAAm copolymers in salt solutions. The solutions were 
diluted to the required concentrations with API brine or 2% (w/v) KCl solutions and shaken for a 
further 12 hours at 50 osc·min
-1
. 
 
3.5.13. Adsorption and desorption study of polymers on silica 
The adsorption of polymer from solution onto a silica surface and its subsequent desorption 
using Cyclodextrins was measured by Total Organic Carbon Analyser (TOC) (Shimadzu TOC-
VCPN). Air was used as the carrier gas. In this method, the aqueous solution of a polymer at an 
unknown concentration is evaporised in the furnace of the TOC. The area of a peak determined 
and the concentration is calculated from the calibration curve. The calibration curve is obtained 
by running a series of polymer solutions at known concentrations. Polymer samples were 
prepared by dissolving a predetermined amount of polymer in deionised water to obtain a stock 
solution. The samples were agitated at 50 osc·min
-1
 for 24-48 hours. Sodium azide (0.02 % w/v) 
was added as a solid to each solution to prevent bacterial degradation. The stock solution was 
diluted to the required concentrations and shaken for a further 12 hours. The polymer samples 
used for calibration containing α- and β-Cyclodextrin (0.5, 1 and 100 mol eq. of Cyclodextrin 
with respect to 1 mol eq. of hydrophobic monomer) were prepared using the same method. α- 
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and β-Cyclodextrin were added as solids or as a stock solution after the dissolution of polymer 
was complete. These solutions were shaken for a further 24 hours. The stock solution of each 
Cyclodextrin was prepared by dissolution of 0.015 g of the solid in 30 g of deionised water. The 
Cyclodextrin solutions were then shaken at 200 osc·min
-1
 for 24 hours.  
The TOC equipment was calibrated using solutions of each polymer with and without 
Cyclodextrins at concentrations of 0.5 mg·g
-1
, 0.25, 0.125, 0.08 and 0.05 mg·g
-1
. The aqueous 
solutions of the polymers (15±0.05 g) at the predetermined concentration were added to 
microsilica (1±0.05 g) and shaken on a shaker at 200 osc·min
-1
 at 25ºC for 48 hours. These 
polymer solutions were used to determine the adsorption of polymers and were centrifuged 
(Sorvall Legend RT+, Thermoscientific) at 3000 rpm for 15 minutes. The polymer samples in 
deionised water at a concentration of 0.5 mg·g
-1 
(used to determine the polymer desorption from 
a silica surface) were prepared as above. After 48 hours of polymer adsorption, α- or β-
Cyclodextrin (0.5, 1 and 100 mol eq. of Cyclodextrin with respect to 1 mol of hydrophobic 
monomer) were added. The samples tubes were further shaken for 24 hours and then centrifuged 
as above. The supernatant was collected and the concentration of polymer in supernatant was 
tested by TOC. The measurements were performed in triplicate. The amount of adsorbed and 
desorbed polymer (Qe) was calculated from the concentration of polymer in solution before and 
after adsorption (supernatant) from the mass balance equation as follows [200]: 
                   
  
  
  (23) 
Where C0 and Ce are initial and equilibrium liquid-phase concentrations of polymers 
(concentration of polymer in supernatant) (mg·g
-1
), respectively, Wp is the mass of polymer 
solution (g), and Ws is the mass of microsilica used (g). 
 
3.5.14. Determination of solubility of sulfonated polymers 
The solubility tests were performed using tetrahydrofuran, dimethyl sulfoxide, methanol, acetone 
and deionised water. Two concentrations were studied: 2.25 mg or 15 mg of each polymer was 
placed in a glass vial and 3 g of solvent was added. Samples were stirred using vortex mixer 
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(Votex Genie 2, G560, Scientific Industries Inc.) and shaken overnight on a shaker at 200 
osc·min
-1
. 
Solubility tests were also performed in THF/H2O mixtures with compositions of 2, 5, 10, 15, 20, 
25, 30, 35, 40, 45, 50 etc up to 95 vol % THF. The 2.25 mg of sample was placed in a glass vial 
and the solvent mixtures were added. Samples were stirred using vortex mixer (Votex Genie 2, 
G560, Scientific Industries Inc.) and shaken overnight on a shaker at 200 osc·min
-1
. The extent of 
polymer dissolution was determined visually. 
 
3.5.15. Determination of solubility of hydrophobically modified 
polyacrylamide and poly(N-hydroxyethylacrylamide) copolymers 
The solubility tests were performed using formamide and deionised water. 3 mg of each polymer 
was placed in a glass vial and 3 g of water or formamide was added. Samples were shaken for a 
minimum of 24 hours on a shaker at 200 osc·min
-1
. The extent of the polymer dissolution was 
verified visually i.e. when clear solutions were obtained dissolution was assumed. 
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Chapter 4  
Hydrophobically modified polymers of acrylamide  
4.1. Introduction 
Drag reduction effect caused by polymers is affected by various parameters such as molecular 
weight of polymer, concentration of polymer, polymer-solvent interactions or the presence of 
associating groups in polymer [16, 17, 20, 21, 34, 35, 52, 55, 76]. Many theories to explain the 
mechanism of drag reductions have been proposed, however it is widely recognized that 
macromolecules interact with turbulent vortices and dissipate the energy thereby reducing the 
flow instabilities [56, 60, 77, 201, 202]. The subject of the utilisation of associating polymers as 
improved drag reducing agents has become topic of interest in the last decade [17, 18, 20]. This 
is due to the associating polymer’s improved shear stability as compared to a non-associating 
homologue and the fact that intermolecular associations result in higher apparent molecular 
weight of the copolymer. It has been shown that although high molecular weight drag reducing 
polymers provide many advantages, they can undergo mechanical degradation in turbulent flow 
and lose their effectiveness after a short interval of time [75, 76]. The associated groups in 
associating polymers provide not only higher drag reduction due to the resulting higher apparent 
molecular weight of the associating copolymer but it is also recognised that the destruction of the 
secondary interactions rather than breakage of the polymer backbone is the foundation for 
improved shear stability [17, 20, 78, 79]. It is also predicted that the associating polymer would 
reassociate upon removal of the shear force and as a result could be reused again as a drag 
reducer. Hydrophobically modified associating polymers are water soluble polymers containing 
small quantities of hydrophobic groups. In aqueous solution, intermolecular associations with 
hydrophobic groups are formed resulting in enhanced viscosity as compared to unmodified 
homologue [25, 121, 124, 125, 128, 130, 203-207]. These copolymers have been recognised to 
reduce drag, however the information on some features of these polymers in regards to drag 
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reduction remain limited [19, 26, 27]. The role of the molecular variables, such as the alkyl chain 
length in the hydrophobic monomer or concentration of the hydrophobic moieties in the polymer 
backbone, in the shear stability of hydrophobically modified polyacrylamide were among the 
unresolved issues tackled in this Chapter. 
In this Chapter, the synthesis of hydrophobically modified acrylamide polymers via micellar 
polymerisation is reported. The details of the synthesis and polymer characterisation procedures 
are reported in Chapter 3. This method of polymerisation was chosen because it offered the 
possibility to synthesise relatively high molecular weight water soluble polymers, in addition to 
creating polymers with hydrophobic groups randomly distributed as blocks along the polymer 
backbone. The incorporation of hydrophobic monomers as blocks is atrribted to the high local 
concentration of hydrophobic monomer in the surfactant micelles and the high probability of the 
addition of all of the hydrophobic monomer residing in the interior of the surfactant micelles to 
the growing polacrylamide radical as described by Hill et al. [122]. The influence of 
hydrophobic modification on rheology and drag reducing properties of hydrophobically modified 
PAAm in deionised water and in the presence of salts is demonstrated. The shear resistance of 
polymers as a function of the concentration of hydrophobic groups in copolymers was also 
studied.  
 
4.2. Results and discussion  
4.2.1. Synthesis and characterisation of polymers of acrylamide 
Hydrophobically modified polymers of acrylamide were successfully synthesised via micellar 
copolymerisation in water. The concentration and type of the hydrophobic monomer was varied 
to obtain polymers with different associating behaviour and these paramenters are shown in 
Table 4.1. Hydrophobic monomers containing short and long alkyl chains were chosen to study 
the influence of the monomer type on the strength of hydrophobic association. It is believed that 
the longer alkyl chain in n-octadecyl acrylamide should lead to stronger associations between 
hydrophobic groups. The initial concentration of monomers in water was set at 3 and 20 % (w/w) 
in order to obtain polymers with high molecular weight (according to Equation 24).  
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Sample 
Yield 
(%) 
Mw 
(kDa) 
 
PDI NH 
H 
(mol%) 
in feed 
H 
(mol%)
EA
 
H 
(mol%)
NMR
 
Solubility 
H2O/Formamide 
AD1 
2.042 
75.0 
Ns ns 13.0 5.01 5.02 ns -/+ 
AD2 
2.256 
87.8 
Ns ns 7.58 2.99 3.1 ns -/+ 
AD3 
2.353 
95.7 
Ns ns 3.74 1.49 1.6 ns -/+ 
AD4 
2.034 
90.9 
Ns ns 2.57 0.92 1.1 ns -/+ 
AD5 
2.348 
97.3 
210 1.4 2.11 0.85 0.89 0.85 +/+ 
AD6 
2.107 
87.8 
486 1.8 1.61 0.61 0.62 0.61 +/+ 
AD7 
2.134 
88.4 
974 2.8 2.06 0.79 0.64 0.65 +/+ 
AD8 
2.108 
87.8 
864 1.2 1.58 0.62 0.55 0.54 +/+ 
AD9 
1.887 
79.1 
1163 1.9 1.08 0.45 0.35 0.33 +/+ 
AD10 
2.084 
87.9 
1074 1.5 0.60 0.29 0.23 0.21 +/+ 
AOD1 
2.222 
92.5 
Ns ns 1.08 0.43 0.44 ns -/+ 
AOD2 
2.001 
84.1 
Ns ns 0.60 0.245 0.23 ns -/+ 
AOD3 
1.938 
82.0 
1345 1.7 0.24 0.099 0.10 0.09 +/+ 
PAAm0 
1.954 
83.0 
1896 1.3 0 0 0 0 +/+ 
Table 4.1. Yield, molecular weight Mw, hydrophobic monomer content H and solubility of 
polymers in water and formamide obtained by micellar polymerisation. – or + denotes insoluble 
or soluble in deionised water or formamide, respectively. ns denotes insoluble in either GPC 
eluent, deionised water or D2O, hence analysis not possible, AD= poly(acrylamide-co-n-decyl 
acrylamide). AOD= poly(acrylamide-co-n-octadecyl acrylamide).   
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The solubilisation of hydrophobic monomers was achieved by addition of sodium dodecyl 
sulfate kept at a constant level (concentrations above CMC, see Chapter 3, Section 3.2.1). In 
addition, solutions containing n-octadecyl acrylamide were heated to 80ºC to aid monomer 
solubility. The number of hydrophobic monomers per surfactant micelle NH (Equation 4 Chapter 
3) was varied by modifying the initial proportion of hydrophobic monomer with respect to 
surfactant concentration. Homopolyacrylamide was also synthesised under identical conditions 
to the copolymers shown in Table 4.1 at 20 % (w/w) initial monomer content and used as a 
reference in order to determine the effect of the modification on the polymer properties.  
The presence of hydrophobic moieties in the copolymer and the composition of the copolymers 
were determined using 
1
H NMR. Elemental Analysis was additionally used to verify the results 
obtained by NMR and to determine the content of hydrophobic moieties in polymers that were 
insoluble in water. The 
1
H NMR spectra of n-decyl acrylamide and n-octadecyl acrylamide were 
recorded in CDCl3 and their spectra are presented in Figure 4.1 and Figure 4.4, respectively. The 
1
H NMR spectra of polyacrylamide and water soluble copolymers were recorded in D2O. The 
spectrum of the homopolymer (PAAm0), a typical spectrum of poly(acrylamide-co-n-decyl 
acrylamide) (AD7) and poly(acrylamide-co-n-octadecyl acrylamide) (AOD3) are presented in 
Figure 4.2, Figure 4.3 and Figure 4.5, respectively. Protons characteristic for polyacrylamide, n-
decyl acrylamide and n-octadecyl acrylamide were identified and assigned (Figure 4.1, Figure 
4.2 and Figure 4.4). In the spectrum of n-decyl acrylamide and n-octadecyl acrylamide, the 
chemical shifts for protons from the methylene groups (CH2) marked as B-I and J (or B-Q and R 
in n-octadecyl acrylamide) can be distinguished in the 1.2-1.6 ppm range and at 3.3 ppm, 
respectively. The strong triplet from the protons of the methyl groups (CH3) signal A appears at 
0.8 ppm. In the spectrum of polyacrylamide (PAAm0) (Figure 4.2), peaks in the range of 1.2 
and 3.2 ppm correspond to the protons of the methylene (A) and methine (B) groups in the 
polymer backbone. All of the protons corresponding to PAAm0 and the protons corresponding 
to the alkyl chains of n-decyl acrylamide, A and B-J could be identified and assigned in the 
1
H 
NMR spectrum of poly(acrylamide-co-n-decyl acrylamide) (Figure 4.3). This confirmed that n-
decyl acrylamide was successfully incorporated into the copolymer structure.  
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Figure 4.1. 
1
H NMR spectrum of n-decyl acrylamide recorded in CDCl3. 
 
Figure 4.2. 
1
H NMR spectrum of polyacrylamide acquired in D2O (PAAm0). 
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Figure 4.3. The example of 
1
H NMR spectrum of poly(acrylamide-co-n-decyl acrylamide) in 
D2O (AD7, 0.65 mol% DAAm). 
 
Figure 4.4. 
1
H NMR spectrum of n-octadecyl acrylamide recorded in CDCl3. 
 
  
99 
 
 
Figure 4.5. 
1
H NMR spectrum of poly(acrylamide-co-n-octadecyl acrylamide) in D2O (AOD3, 
0.09 mol% ODAAm). 
All of the protons for PAAm0 and the protons from the alkyl chains of n-octadecyl acrylamide, 
B-Q could be identified and assigned in the 
1
H NMR spectrum of poly(acrylamide-co-n-
octadecyl acrylamide) (Figure 4.5). This confirmed that n-octadecyl acrylamide was successfully 
incorporated into the copolymer structure. Protons A and R could not be assigned due to low 
concentration of n-octadecyl acrylamide.  
The extremely low concentration of hydrophobic moieties in copolymers led to difficulties in 
assessing the concentration of the hydrophobic monomer that was incorporated into the 
copolymer, since the sensitivity of the NMR technique (1-2 % [198]) was above the detection 
limit. Thus, the presented values from NMR analysis (Table 4.1) should be treated with a certain 
level of uncertainty. The polymer composition determined from both NMR and Elemental 
Analysis appeared to be in relatively good agreement. Some small composition drift from the 
initial monomer feed for some copolymers was however observed (see Table 4.1). This drift 
could be linked to compositional heterogeneity of copolymer with an increase in conversion due 
to rapid incorporation and early depletion of the hydrophobic monomer in the course of the 
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polymerisation. The initial rapid incorporation of hydrophobic monomer could be observed, 
especially at higher NH (NH>2.1) and higher concentration of hydrophobic monomers ([H]>0.8-
0.85 mol%) which could be linked to the higher reactivity of hydrophobic monomer because of 
the solubilisation in the surfactant micelles [121, 124]. The drift in composition was also 
described by Hill et al. [122] to be due to the flux of the hydrophobic monomers from the 
swollen micelles to the micelles in which growing radical head presently resides. Hill et al. also 
suggested that the drift in composition could be due to the interaction of surfactant with the 
growning copolymer chain that affect the rate of this flux, and the partial intermixing of 
acrylamide and hydrophobic monomer in the interfacial micellar region. 
During the micellar polymerisation procedure, the reaction mixtures remained homogeneous and 
viscous when the concentration of hydrophobic monomer in the feed and NH was low ([H]< 0.8-
0.85 mol% and NH<2.1). It appeared gel-like (hard gel) when the NH number and the 
concentration of hydrophobic monomer in the feed was high ([H]> 0.8-0.85 mol% and NH>2.1). 
Table 4.1 shows that there were a number of copolymers that was insoluble in water. The 
insolubility was particularly evident for copolymers synthesised at high values of NH (>2.1) 
(suggesting that the length of the hydrophobic monomer blocks increased with increasing NH) 
and at high concentration of hydrophobic moieties ([H]>0.8-0.85 mol%). These copolymers were 
not chemically crosslinked since they were readily soluble in formamide and in aqueous solution 
of the surfactant (sodium dodecyl sulfate). The dissolution of copolymers in aqueous solution of 
surfactant was due to the surfactant-copolymer interactions i.e. surfactant micelles solubilised 
hydrophobic moieties of the copolymer. This demonstrates that the water solubility was 
dominated by the strength of hydrophobic interaction. Thus, the extent of solubility of 
copolymers containing n-octadecyl acrylamide was reduced as compared to copolymers 
containing n-decyl acrylamide of identical initial hydrophobic monomer concentration. 
Copolymers containing >0.1 mol% of n-octadecyl acrylamide (NH> 0.24, AOD1 and AOD2) 
were not soluble in water. Similarly the copolymers containing n-decyl acrylamide were not 
soluble in water at hydrophobic monomer concentrations above 0.8 and 0.85 mol% (NH>2.1). 
Similar dissolution problems were also reported in the literature for hydrophobically modified 
polyacrylamides [126, 130, 208]. 
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The molecular weights of the water soluble polymers were determined by GPC in a mixture of 
0.1 M sodium nitrate in deionised water and methanol (80 and 20 vol% respectively). Methanol 
was added to the eluent in order to disrupt the hydrophobic interactions. The molecular weights 
of the polymers were found to be largely dependent on the concentration of the hydrophobic 
moieties in copolymers and the initial concentration of hydrophobic and hydrophilic mmonomers 
in the polymerisation mixture. The molecular weights were found to increase with decreasing NH 
and decreasing concentration of hydrophobic moieties in copolymers. Similar behaviour was 
observed for copolymers synthesised via micellar polymerisation by Biggs et al. [121] and 
Jianping et al. [209] and were attributed to an increase in the chain transfer on the surfactant, or 
on the impurities present in the surfactant, and the radical transfer reactions onto the hydrophobic 
groups. The increase in the molecular weight with an increase in the overall monomer 
concentration in the initial monomer mixture is consistent with Equation 24 [210, 211] indicating 
that with an increase in the initial concentration of monomer (for ideal polymerisation kinetics), 
the number average degree of polymerisation        increases: 
        
  
            
    
   
    
      (24) 
Where ς is the degree of coupling of chains, kp is the propagation rate constant, kt(pp) is the 
termination rate constant for 2 polymers (coupling or disproportionation), kd is the initiator 
dissociation rate constant, f is the radical yield, [M] is the monomer concentration in the feed and 
[I]o is the initial concentration of initiatior, 
The data in Table 4.1 show that the yield of polymerisation was lower than 100 % (see Table 
4.1). At high concentration of the monomers in the feed (20 wt%), the viscosity of the 
polymerisation mixture became high as the conversion of polymerisation increased; hence the 
polymerisation became controlled by diffusion of the propagating species [211]. The comparable 
effect was seen at high concentrations of hydrophobic monomer being incorporated (NH>2.1 and 
[H]> 0.8-0.85 mol%). The high concentration of hydrophobic monomer (NH>2.1 and [H]> 0.8-
0.85 mol%) led to the enhanced viscosity of the monomer mixture during polymerisation due to 
  
102 
 
stronger intermolecular hydrophobic association (physical crosslinking of hydrophobic moieties 
due to overlap of macromolecules) [210].  
4.2.2. Rheology of polymers of acrylamide 
The effect of the content and the type of the hydrophobic moiety on the apparent viscosity of 
aqueous polymer solutions was studied as a function of copolymer concentration, using a 
rheometer equipped with double-gap geometry at constant shear rate of 10 s
-1
. The results are 
illustrated in Figure 4.6 and Figure 4.7. 
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Figure 4.6. The apparent viscosity at γ= 10 s−1 and at T= 25°C of the aqueous solutions of PAAm 
and its copolymers with n-decyl acrylamide as a function of polymer concentration (inset shows 
close-up of low concentrations). 
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Figure 4.7. The apparent viscosity at 10 s
−1
 and at T= 25°C of the aqueous solutions of PAAm 
and its copolymer with n-octadecyl acrylamide (AOD3, 0.09 mol% ODAAm) as a function of 
concentration (inset shows close-up of low concentrations). 
At low polymer concentration (<1 mg∙g-1) the apparent viscosity of aqueous polymer solutions of 
copolymers AD9 (0.33 mol% DAAm, NH= 1.08, Mw= 1163 kDa) and AD10 (0.21 mol% of 
DAAm, NH= 0.60, Mw= 1074 kDa), copolymers with short n-decyl acrylamide blocks, was 
comparable, whereas the viscosity of copolymers AD7 (0.65 mol% DAAm, NH= 2.06, Mw= 974 
kDa), AD8 (0.54 mol% DAAm, NH= 1.58, Mw= 864 kDa) and AOD3 (0.09 mol% ODAAm, 
NH= 0.24, Mw= 1345 kDa) was higher than the apparent viscosity of polyacrylamide (PAAm0, 
Mw= 1896 kDa). Moreover, the copolymer containing n-octadecyl acrylamide AOD3 had the 
highest apparent viscosity of all of the copolymers in the dilute region. The behaviour of 
poly(acrylamide-co-n-decyl acrylamide) copolymers (AD series) was as expected. The strength 
of the hydrophobic interaction increases with increasing the length of the hydrophobic block i.e. 
increasing NH, therefore copolymers AD7 and AD8 had higher apparent viscosity than 
copolymers AD9 and AD10. The general behaviour of the hydrophobically modified 
polyacrylamide is that at very dilute concentrations, the chains collapse due to the intramolecular 
hydrophobic associations, which results in viscosities lower than that of the homopolymer [122, 
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132]. The behaviour observed for some copolymers suggests that a certain degree of 
intermolecular hydrophobic aggregation between neighbouring alkyl chains in copolymers was 
present even in the dilute regime. Similar observation was made by Turner et al. [117], hang et 
al. [212], Grassl et al. [213] and Lin et al. [214] for water soluble hydrophobically modified 
polymers containing hydrophobic moieties with fluorine atoms, short alkyl chain hydrophobic 
moieties or hydrophobically modified polyacrylamide prepared by post-modification. The 
greater apparent viscosity of copolymer AOD3 compared to all other copolymers could be 
associated with the greater hydrophobic character of the copolymers containing n-octadecyl 
acrylamide (due to longer alkyl chain), in comparison to the copolymers containing n-decyl 
acrylamide. The higher apparent viscosity of copolymer AOD3 over the other copolymers in the 
AD series (poly(acrylamide-co-n-decyl acrylamide)) could be also attributed to its higher 
molecular weight (Table 4.1). 
The apparent viscosity of polymers AD8 (0.54 mol% DAAm, NH= 1.58, Mw= 864 kDa), AD9 
(0.33 mol% DAAm, NH= 1.08, Mw= 864 kDa), AD10 (0.21 mol% DAAm, NH= 0.60, Mw= 1074 
kDa) and PAAm0 (Mw= 1896 kDa) increased linearly with concentration. This behaviour was as 
expected. Above a polymer concentration of 2 mg·g
-1
,
 
these copolymers showed an even greater 
increase in apparent viscosity (as compared to low concentration) in comparison to the apparent 
viscosity of PAAm0. The behaviour of copolymers could be attributed to the strengthening of 
intermolecular associations between the polymeric chains containing hydrophobic moieties due 
to overlap of macromolecules, and the resulting higher apparent molecular weights. The increase 
in apparent viscosity was in range of half to two times that of the apparent viscosity of 
polyacrylamide. The copolymers AD7 (0.65 mol% DAAm, NH= 2.06, Mw= 974 kDa) and AOD3 
(0.09 % ODAAm, NH= 0.24, Mw= 1345 kDa) also demonstrated the linear development of 
apparent viscosity with concentration, however at a concentration above 2 mg·g
-1
 a more 
dramatic increase in apparent viscosity was observed as compared to other copolymers and 
PAAm0. Moreover at a concentration of 5 mg·g
-1
,  the apparent viscosity of copolymer AOD3 
was twice as much as the value observed for copolymer AD7 and ten times as much as compared 
to PAAm0 (Figure 4.6 and Figure 4.7). This behaviour was the result of the stronger interaction 
between the n-octadecyl acrylamide moieties in the copolymer AOD3 leading to higher apparent 
  
105 
 
molecular weight. Copolymer AD7 had the longest incorporated blocks of n-decyl acrylamide 
(highest NH) therefore the strength of the intermolecular hydrophobic association in this 
copolymer was also the greatest above all copolymers is AD series. The dramatic increase in the 
apparent viscosity that was observed for all the copolymers, occurred at concentrations lower 
than the overlap concentration (C
*
) of polyacrylamide at higher molecular weight (PAAm0, 
Mw= 1896 kDa, C*~3 mg·g
-1
). This concentration corresponded to the critical aggregation 
concentration (Cagg) and the observations on the behaviour of hydrophobically modified 
polyacrylamide in this research work were in the agreement with previous reports [26, 215]. 
 
4.2.3. Instantaneous drag reduction study of polymers of acrylamide 
The influence of the concentration of aqueous solutions of PAAm and its copolymers on their 
drag reduction effect was studied using a rheometer equipped with double-gap Couette geometry 
at 25ºC. The drag reduction of polyacrylamide synthesized under micellar polymerisation 
conditions (PAAm0, Mw= 1896 kDa, PDI= 1.3) and commercial polyacrylamide (PAAmC, Mw= 
1085 kDa, PDI= 2.05) was also studied as a comparison. The drag reduction values reported were 
the maximum drag reduction achieved in the first 5 minutes of measurements for all the polymer 
concentrations studied. The experimental results shown in Figure 4.8 for the water soluble 
copolymer in the AD series (poly(acrylamide-co-n-decyl acrylamide)) and in Figure 4.9 for 
copolymers in the AOD series (poly(acrylamide-co-n-octadecyl acrylamide)), indicated that the 
extent of the drag reduction effect caused by polymers increased with increasing polymer 
concentration. The drag reduction (DR) imparted by polymers as a function of concentration 
followed the classical trend, i.e. drag reduction increased with polymer concentration until a 
plateau was reached (Figure 4.8 and Figure 4.9). This plateau is called the optimum polymer 
concentration Copt. Beyond this concentration, any further increases in concentration did not lead 
to any significant increase in drag reduction effect [13, 73, 83].  
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Figure 4.8. Percentage drag reduction as a function of polymer concentration for commercial 
PAAm (PAAmC, Mw= 1085 kDa), control PAAm0 (Mw= 1896 kDa) and copolymers of PAAm 
with n-decyl acrylamide. Measured at shear rate γ= 11200 s-1 and 25ºC. 
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Figure 4.9. Percentage drag reduction as a function of polymer concentration for PAAm0 (Mw= 
1896 kDa) and its copolymer with n-octadecyl acrylamide (AOD3, Mw= 1345 kDa). Measured at 
shear rate γ= 11200 s-1 and 25ºC. 
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The comparative studies of drag reduction (DR) produced by copolymers and homopolymers 
indicated improved drag reduction performance for all copolymers at the concentrations studied. 
Although the percentage of the drag reduction for the copolymers of PAAm and n-decyl 
acrylamide was generally larger than the percentage drag reduction for PAAmC (Mw= 1085 
kDa), the values of the drag reduction for copolymers of PAAm (apart from copolymer AD10) 
were smaller than that of PAAm0 (Mw= 1896 kDa). The lower drag reduction performance of 
AD7, AD8 and AD9 in comparison to PAAm0 was due to lower apparent molecular weight and 
rather strong hydrophobic interactions (than AD10). For example at polymer C= 0.5 mg·g
-1
, the
 
drag reduction of the copolymers AD10 (Mw=1074 kDa, 0.21 mol% DAAm) and AOD3 
(Mw=1345 kDa, 0.09 mol% ODAAm) was 66.67±0.47 and 63.67±0.47 % whereas for PAAm0 
(Mw=1896 kDa) and PAAmC (Mw=1085 kDa) it was 60±1% and 48%, respectively (Table 4.2). 
The improved performance of AOD3 (Mw=1345 kDa, 0.09 mol% ODAAm) in comparison to 
PAAm0 (Mw=1896 kDa) was not as evident. Taking into consideration the difference in the 
weight average molecular weight (Mw), this copolymer offered comparable drag reduction at 
lower molecular weight. The observed behaviour could be explained by the presence of intra- 
and intermolecular associations as evidenced by Dynamic Light Scattering (DLS) (Table 4.2) 
and rheology at constant shear rate (Figure 4.6 and Figure 4.7). It is recognized that the coil 
volume has a profound effect on drag reduction. Polymers with greater hydrodynamic volume 
promote higher drag reduction [19, 201]. The hydrodynamic radius of all the copolymers was 
higher than the hydrodynamic radius of polyacrylamides, confirming the presence of 
intermolecular associations in aqueous solutions of copolymers. The presence of intramolecular 
associations can be also concluded from the size of the hydrodynamic radius. If only 
intermolecular hydrophobic associations were present in the copolymer, the radius of the 
copolymer would be expected to be twice the radius of the polyacrylamide. The hydrodynamic 
radius for the hydrophobically modified polyacrylamide was ~1.2 to 1.6 higher than the radius of 
commercial polyacrylamide (PAAm0). This suggests the presence of both intra- and 
intermolecular hydrophobic interactions in the aqueous solutions of hydrophobically modified 
polyacrylamide.  
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Sample 
Mw 
(kDa) 
 
PDI NH 
H
NMR
 
(mol%) 
DR0.5mg·g-1 
(%) 
RH 
(nm) 
AD7 974 2.8 2.06 0.65 55.7±0.43 95.8±3.70 
AD8 864 1.2 1.58 0.54 55.0±0.00 78.5±1.50 
AD9 1163 1.9 1.08 0.33 64.1±0.47 103±2.20 
AD10 1074 1.5 0.60 0.21 66.7±0.47 98.0±6.00 
AOD3 1345 1.7 0.24 0.09 63.7±0.47 92.9±1.80 
PAAm0 1896 1.3 0 0 60.0±1.00 76.6±3.20 
PAAmC 1085 2.1 0 0 48.0±0.00 63.6±2.70 
Table 4.2. Weight average molecular weight Mw, polydispersity index PDI, hydrophobic 
monomer content H, drag reduction (DR) determined at C=0.5mg·g
-1
 and hydrodynamic radius 
RH for copolymers and polymers of acrylamide; AD= poly(acrylamide-co-n-decyl acrylamide), 
AOD= poly(acrylamide-co-n-octadecyl acrylamide), PAAm0 and PAAmC are homopolymers 
of acrylamide synthesised under micellar polymerisation conditions and obtained from a 
commercial source, respectively. 
The drag reduction effect caused by copolymers of PAAm in the AD series (poly(acrylamide-co-
n-decyl acrylamide)) was found to increase with decreasing concentration of the hydrophobic 
moieties and increasing the length of hydrophobic block (increasing NH). This effect was found 
to be most evident at copolymers concentration of ~0.01 mg·g
-1
. One could argue that the 
observed trend in the drag reduction effect could be attributed to slightly higher molecular 
weight, however copolymer AD10 had a lower molecular weight (1074 kDa, 0.21 mol% DAAm, 
DR%=66.7 at 0.5 mg·g
-1
 and DR%~48 at 0.01 mg·g
-1
) than AD9 (1163 kDa, 0.33 mol% DAAm, 
DR%=64.1 at 0.5 mg·g
-1
 and DR%~35 at 0.01 mg·g
-1
) yet displayed higher drag reduction effect. 
The drag reduction effect imparted by polymers is related to ability of polymer to interact and 
disrupt turbulent vortices. The observed trend in drag reducing performance of the copolymers 
could be attributed to increasing concentrations and increasing block length of the hydrophobic 
moieties. Copolymer AD7 contained the highest concentration of n-decyl acrylamide and longest 
hydrophobic block (0.65 mol% DAAm, NH= 2.08) and was characterised by the strongest 
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hydrophobic interaction from all of the copolymers in the AD series (poly(acrylamide-co-n-decyl 
acrylamide)). This means that the copolymer AD7 was unable to efficiently unravel during 
interactions with the Taylor vortices. A similar trend was observed by Bock et al.  [27] and 
Mumick et al.  [79].  
 
4.2.4. Time dependent drag reduction of polymers of acrylamide 
It is often observed that molecular chains in polymer solutions are subjected to mechanical 
scission under high shear in turbulent flow. This form of polymer degradation results in a 
decrease in the observed level of drag reduction [69, 83]. The degradation of the polymer can be 
linked to one of the proposed mechanism of drag reduction i.e. the macromolecules are elongated 
by shear stresses associated with turbulent flow [216]. It has been proposed that aggregates 
might offer some resistance to polymer shear degradation in turbulent flow since the breakage of 
secondary bonds should preferably occur instead of cleavage of the polymer backbone [20]. The 
secondary bonds could then reform in quiescent conditions and as a result, the polymer could be 
reused [18, 26]. The decrease in the drag reduction performance of polymers is generally 
attributed to the mechanical degradation of the polymer backbone and corresponding decrase in 
molecular weight. Changes in the drag reduction performance of aqueous solutions of 
acrylamide polymers in Taylor Flow over time were therefore investigated using a rheometer 
equipped with a Couette double-gap cell at 25ºC. The shear stabilities of polymer solutions were 
elucidated at constant shear of 11200 s
-1
 over 1800 s during 6 shearing cycles. The polymer was 
allowed to relax after each shearing cycle for 2-3 hours. The longer relaxation time was not 
attempted due to the possibility of the solvent evaporation during prolonged residence of the 
polymer in a Couette cell. The effect of repeated application of shearing force on the polymer 
solutions of acrylamide are shown in Figure 4.10 and Figure 4.11.  
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Figure 4.10. Evolution of drag reduction with shearing time for the polymers of acrylamide. 
Studied at a shear rate of 11200 s
-1
, 25ºC and at polymer C= 0.5 mg•g-1. Error 0.5 to 1.5 %. 1 to 6 
is the number of a shearing cycle. 
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The drag reduction of PAAm0 (Figure 4.10, Mw= 1896 kDa) was found to increase as a function 
of time during the first shearing cycle and remained nearly constant during three subsequent 
shearing cycles. The similar behaviour for high molecular weight polyacrylamide was also 
demonstrated by Zadrazil, which was explained by the possible elongation of polymer molecules 
in turbulent flow [83]. The observed decrease in drag reduction effect for PAAm0 from ~62 to 
~54 % in the second cycle could be attributed to mechanical degradation of polyacrylamide [83]. 
The decrease in drag reduction effect caused by PAAm0 in subsequent shearing cycles was 
found to be smaller. As a result, the final value of drag reduction displayed by PAAm0 after the 
6
th
 cycle reached ~45 %. This behaviour is consistent with observation made by Zadrazil. 
All of the copolymers, except copolymer AD9 (0.33 mol% DAAm (n-decyl acrylamide)), 
demonstrated a decreased drag reduction effect as a function of time. The drag reduction 
imparted by copolymers AD10 (0.21 mol% DAAm) and AOD3 (0.09 mol% ODAAm (n-
octadecyl acrylamide)) was found to decrease rapidly with time, with drag reduction 
disappearing completely after 900 s and 1200 s during the first shearing cycle, respectively and 
~300 s during the subsequent cycles. The fast disappearance of drag reduction could be 
explained by the existence of weak intermolecular interactions that could become easily 
disrupted by the turbulent vortices. This behaviour was most likely due to the low content of 
hydrophobic moieties in these copolymers. The aforementioned copolymers resembled 
behaviour of weak surfactants that dissociated in turbulent flow and recovered its ability to 
reduce drag after removal of shearing force [35, 217]. The ability of the recovery of drag 
reduction was particularly evident for copolymer AD10, which showed its drag reduction almost 
unchanged during the second shearing cycle (Figure 4.11). This suggested that the 
intermolecular interactions became preferentially destroyed upon shearing instead of the scission 
of polymer backbone. The exposure of copolymer AD10 to the turbulent flow in subsequent 
shearing cycles could have resulted in the mechanical scission of the polymer backbone, 
although it is also possible that the aggregates formed by an intermolecular hydrophobic 
association of polymer chains were not rebuilt. This was evident in the value of drag reduction in 
the final shearing cycle (6
th
), which was ~12 % lower than the initial value of drag reduction 
(DR0 66.7 % to DRfinal pass ~53 %). Copolymer AOD3 did not recover its ability to reduce drag 
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and the drag reduction effect was found to be lower by 10 % after the 1
st
 shearing cycle, and this 
could have been due to either the mechanical degradation of this copolymer. The drag reduction 
effect was found to decrease further in the subsequent shearing cycles until a plateau of 35 % 
drag reduction was reached. The behaviour of the copolymer was most likely related to the small 
concentration of hydrophobic moieties (~0.09 mol%), which was not sufficient enough to 
prevent mechanical degradation of the backbone in this copolymer.  
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Figure 4.11. The variation of drag reduction as a function of shearing cycle number in Taylor 
flow for copolymers of PAAm. Measured with a double-gap cell at shear rate of 11200 s
-1
, 25ºC 
and at polymer C=0.5 mg·g
-1
. 
The drag reduction by copolymer AD9 increased as a function of time during the first shearing 
cycle and remained constant in three subsequent shearing cycles. The observed initial increase in 
drag reduction effect by copolymer AD9 could be caused by the formation of a transient gel-like 
network. This network is created by the physical interaction of the hydrophobic moieties 
introduced into the backbone of the copolymer and most likely formed during the elongation of 
the molecules in turbulent flow. The proposed mechanism is shown in Figure 4.12. The polymer 
in quiescent conditions exists in the intra- or/and intermolecularly associated form (as evidenced 
by the rheology and the size of hydrodynamic radius) (1). However in turbulent flow the polymer 
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elongates and absorbs and dissipates the energy from the vortices (2 and 3). Eventually, the 
elongated polymer coils meet in the near-wall region and form transient gel-like network 
connected via hydrophobic groups (4), which then interact with the remaining vortices. Due to 
absorption of turbulent energy, the polymer network becomes destroyed (5). Upon removal of 
the shearing force, the polymer recovers and intra- or/and intermolecular associations reform (6). 
As a result of gel-like network formation, the drag reduction of copolymer AD9 was found to 
decrease only slightly during subsequent shearing cycles. This behaviour confirms that the 
formation of the flexible physical network is responsible for the shear resistance of this 
copolymer. The mechanism based on the formation of polymer layers in the near-wall region 
was recently proposed by Zadrazil [60, 83]. The author based his assumptions on the data 
obtained for poly(ethylene oxide) and polyacrylamide. This mechanism seems to be valid for the 
copolymers synthesised in this thesis. 
 
Figure 4.12. The schematic illustration of the proposed mechanism for the interaction of 
associating polymers of PAAm containing hydrophobic moieties with turbulent vortices. 1. 
Quiescent conditions, polymer in the intra- or/and intermolecularly associated form; 2. Collision 
of turbulent vortices and the resulting polymer elongation and vortices destruction; 3. Formation 
of a gel-like transient network with elongated chains containing associating groups; 4. Collision 
of turbulent vortices and gel-like network; 5. Dissociation of gel-like network under the shear; 6.  
Recovered associating polymer in quiescent conditions. 
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The drag reduction by copolymer AD8 (0.54 mol% of DAAm) was maintained at its initial level 
during second shearing cycle which suggests that the formation of physically crosslinked 
network was responsible for the shear resistance of this copolymer. The subsequent shearing 
cycles however, were found to lower drag reduction (DR). Ultimately, the final drag reduction 
(6
th
 shearing cycle) was found to plateau at ~33 % which was much lower than the initial drag 
reduction (55 %). This suggests that the mechanical degradation of the polymer backbone could 
be the cause of decreased drag reduction. Such behaviour cannot be attributed to the lack of the 
copolymer’s ability to form a strong physically crosslinked network, since the concentration of 
the hydrophobic groups in this copolymer was greater than in copolymer AD9. To reveal the 
cause of the decrease in drag reduction, the viscosity of copolymer AD8 was studied as a 
function of time at a constant shear rate of 1000 s
-1
 after the 1
st
 shearing cycle. Figure 4.13 
demonstrates the recovery of the copolymer to be very slow and complex.  
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Figure 4.13. Apparent viscosity of poly(acrylamide-co-n-decyl acrylamide) (AD8, 0.54 mol% 
DAAm) as a function of time. Measured at 1000 s
-1
 after 1
st
 shearing cycle and after 60 min. 
relaxation at 0 shear rate. 
Slow relaxation of the copolymer could imply only partial reformation of the intermolecular 
polymer network in the subsequent shearing cycles. The decrease in drag reduction in subsequent 
  
115 
 
shearing cycles for copolymer AD8 could suggest that the physically crosslinked network did not 
reform and as a result lower drag reduction was observed for this copolymer. Lower drag 
reduction could have been also cause by the mechanical degradation of this copolymer. 
It should be noted that the shear stability of copolymer AD7 as a function of a number of 
shearing cycles was also quantified however the results are not shown. The reason for this is that 
the Taylor onset in the subsequent shearing cycles could not be determined. The relaxation of 
polymer upon removal of shearing force was not reached even after 3 hours. Long residence time 
in the rheological cell could result in the evaporation of water and therefore would result in 
changes in the polymer concentration. The longer relaxation time was therefore not attempted.  
 
4.2.5. Influence of solvent quality on drag reduction of polymers of acrylamide  
Although pure water is nowadays often used in hydraulic fracturing procesess, surface, brackish 
or sea water are among the most common fluids used for the oilfield operations [218-220]. 
Solvent quality is an important factor affecting polymer’s performance in the drag reduction. The 
presence of these ions is predicted to affect the efficiency of the associating polymers, since the 
hydrophobic interactions are enhanced in the presence of salts. It has also been suggested that the 
performance of polymers is influenced by the water structure [19, 79]. Thus, compounds 
promoting hydrophobic bonding such as small concentrations of salts were found to improve 
drag reduction performance, whereas additives such as urea promoting changes in structure of 
water were found to decrease the efficiency of drag reduction. The drag reduction by polymers 
was therefore studied in artificial sea water (API brine). Additionally, the effect of 2% (w/w) 
(0.268 mol∙L-1) of aqueous solution of potassium chloride, solvent that is also used in the 
hydraulic fracturing by oil-servicing companies, was also tested on selected polymers. 
The results shown in Figure 4.14 indicated that the drag reduction effect (DR) caused by the 
copolymers dissolved in brine containing high concentration of n-decyl acrylamide moieties 
(0.65 mol% and 0.54 mol% of DAAm) remained fairly unchaned. However, the drag reduction 
by copolymer AD7 (0.65 mol% DAAm) decreased by 4% at a polymer concentration of 0.5 
mg·g
-1
, whereas drag reduction by copolymer AD8 (0.54 mol% DAAm) increased by 6 % at the 
same polymer concentration.  
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Figure 4.14 Percent drag reduction as a function of concentration for copolymers of acrylamide 
and polyacrylamide (PAAm0). Studied in deionised water, API brine (1.711 mol•L-1 NaCl and 
0.084 mol•L-1 CaCl2•2H2O and 2% w/w (0.268 mol•L-1) KCl (for selected polymers). 
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The increase in drag reduction was attributed to enhancement of interpolymer hydrophobic 
associations with addition of the high concentration of salt (brine) [221]. The decrease in the 
drag reduction performance caused by copolymer AD7 at high concentrations (0.5 mg∙g-1) could 
be linked to the tight intra- or intermolecular associations that resulted in a loss of the polymer’s 
ability to effectively unravel in the turbulent flow [79]. At low salt concentration (2% w/w 
(0.268 mol∙L-1) KCl) the drag reduction effect caused by copolymer AD7 (0.65 mol% DAAm) 
slightly increased. The observed result imply that an intermediate concentration of salt (2 % w/w 
(0.268 mol∙L-1) KCl) resulted in the optimal strength of the intermolecular association between 
alkyl chains of hydrophobic moieties which did not affect drag reduction in a significant manner. 
This result is in agreement with observations reported by McCormick et al. [222] who studied 
changes in the properties of hydrophobically modified PAAm as a function of increasing salt 
concentration. 
The drag reduction (DR) performance displayed by the copolymer containing an intermediate 
concentration of n-decyl acrylamide incorporated into a backbone (AD9, 0.33 mol% DAAm), 
remained unchanged upon addition of API brine. The drag reduction effect as a function of 
concentration by copolymers AD10 (0.21 mol% DAAm) and AOD3 (0.09 mol% ODAAm) was 
the highest in deionised water relative to brine and potassium chloride. Such behaviour was 
caused by enhanced intramolecular hydrophobic association within polymer chain in the 
presence of ions resulting in chain contraction. Drag reduction of PAAm0 was unaffected by the 
addition of API brine. The invariation of PAAm’s behaviour to salinity was as expected since 
polyacrylamide is a non-ionic and non-associating polymer [214, 221].  
 
4.3. Summary 
The aim of this chapter was to investigate the role of the molecular variables, such as the alkyl 
chain length in the hydrophobic monomer or concentration of the hydrophobic moieties in the 
copolymer, in the association of hydrophophobically modified polyacrylamides. This was carried 
out to fill out the gaps in the literature and to identify the parameters influencing drag reduction 
and shear stability of these copolymers. 
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Water soluble polymers of acrylamide containing small amounts of hydrophobic moieties were 
successfully synthesised by micellar polymerisation. 
1
H NMR confirmed the successful 
incorporation of the hydrophobic moieties into the copolymer structure. The water solubility of 
the obtained copolymers and the molecular weight was found to be dependent on the 
concentration of hydrophobic moieties; number of hydrophobic monomers per surfactant micelle 
(NH) applied in polymerisation and type of incorporated hydrophobic moiety. Water solubility 
decreased with increasing concentration of hydrophobic moieties, increasing the length of alkyl 
chain and increasing the NH (length of hydrophobic block). The molecular weight decreased with 
increasing concentration of the hydrophobic monomer used in the reaction and decreased with 
increasing NH number. Rheological studies indicated that the associative properties were strongly 
governed by the nature and the concentration of hydrophobic moieties. The introduction of 
hydrophobic moieties induced an enhancement in the apparent viscosity of aqueous solutions of 
the copolymers due to the formation of intermolecular hydrophobic associations between alkyl 
chains in copolymers in addition to intramolecular hydrophobic associations within copolymer 
chains. Moreover intermolecular hydrophobic associations between hydrophobically modified 
PAAm were found to be present even in dilute concentrations for copolymers containing 0.09 
mol% of ODAAm (AOD3) and copolymers containing 0.65 and 0.54 mol% of DAAm (AD7 and 
AD8). The increase in apparent viscosity was even more pronounced at higher concentrations of 
copolymer solutions and was dependent on the length of the alkyl chain of the hydrophobic 
moiety and the concentration of the hydrophobic moieties in the copolymers.  
The measurements of instantaneous drag reduction as a function of polymer concentration 
showed typical trend observed generally for drag reducing polymers, with drag reducing effect 
increasing with increasing polymer concentration until the optimum concentration was reached. 
The drag reduction effect achieved by all of the copolymers, studied in deionised water, was 
higher as compared to the commercial polyacrylamide. The drag reduction achieved by 
copolymers was higher despite the lower copolymers’ molecular weights indicating the 
significance of intra- and intermolecular associations in the drag reduction mechanism. 
Moreover, drag reduction was dependent on the concentration of the incorporated hydrophobic 
moieties and the molecular weight of the copolymers. The strength of hydrophobic association 
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was found to affect the drag reduction performance of copolymers. The tight conformation 
(AD7, strong associations, the longest hydrophobic block, the highest concentration of n-decyl 
acrylamide 0.65 mol% of DAAm) was found to result in lowest drag reduction. This was 
attributed to lower efficiency of this copolymer towards interaction with the turbulent vortices. 
The time dependent measurements of drag reduction in the turbulent flow showed that the drag 
reduction caused by the majority of copolymers decreased with increasing shearing time and the 
number of shearing cycles. Moreover, the magnitude of the decrease in the drag reduction 
performance and shear resistance of copolymers was proportional to the concentration of 
hydrophobic groups. Copolymer containing intermediate concentration of n-decyl acrylamide 
(AD9, 0.33 mol% DAAm) was found to be the most effective drag reducer in terms of shear 
stability. This demonstrated that the copolymers containing small concentration of hydrophobic 
moieties are excellent drag reducers and offer higher shear stability in comparison to unmodified 
PAAm. Drag reduction of hydrophobically modified polymers of PAAm measured in the 2% 
(w/w) potassium chloride and brine was found to be dependent on the concentration of 
hydrophobic moieties. The copolymer AD7 (highest concentration n-decyl acrylamide, 0.65 
mol% DAAm) exhibited an increase in the drag reduction when dissolved in a solution with low 
ionic strength (2 % (w/w) (0.268 mol∙L-1) KCl). This was attributed to strengthening of 
hydrophobic intermolecular associations. The drag reduction effect caused by the majority of the 
copolymers in brine, exhibited a decrease in comparison to drag reduction achieved in deionised 
water. The drag reduction effect by copolymer containing intermediate concentration of n-decyl 
acrylamide (AD9, 0.33 mol% DAAm) was found to be unaffected by the presence of the 
monovalent and divalent ions. This demonstrates that this copolymer was the most efficient drag 
reducing agent in terms of performance, shear stability and resistance to salts. 
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Chapter 5  
Influence of Cyclodextrins on the behaviour of the 
polymers of acrylamide 
5.1. Introduction 
Drag reducing agents such as polyacrylamide or polyacrylic acid are known to adsorb in oil and 
gas reservoirs [23, 223]. The adsorption of polymers especially in low permeability reservoirs 
requires expensive clean up operations and results in a decrease in the yield of the production of 
gas or oil [224-227]. A major disadvantage with the use of associating polymers as drag reducing 
agents is that adsorption on the well formation surface is more significant in comparison to 
homopolymers. This is due to the reformation of association when shear force is removed [22, 
25, 228-231]. It is therefore desirable in certain applications to deactivate the hydrophobic 
associations. The effective method known in the literature is to deactivate hydrophobic 
interactions by utilisation of Cyclodextrins [110, 115]. Cyclodextrins are water-soluble cyclic 
oligosaccharides that have a hydrophobic inner cavity. The hydrophobic interactions between 
hydrophobic groups within polymer chain or between neighbouring polymer chains are switched 
off by the formation of inclusion complexes between the Cyclodextrin interior and the 
hydrophobic pendant groups on polymers [113, 114, 232]. The unique characteristic of inclusion 
complexes is the ability to recover the hydrophobic associations by the addition of surfactants or 
other chemicals. This provides the opportunity for the polymer (drag reducing agent) to be 
recovered [114, 141, 232].  
This chapter tackles the influence of Cyclodextrins on the deactivation of hydrophobic 
interactions. The details on the synthesis and characterisation of the copolymers studied in this 
Chapter are presented in Chapter 3 and Chapter 4. The experimental procedures are also 
presented in Chapter 3. The effect of α- and β-Cyclodextrin on the rheology and drag reduction 
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of hydrophobically modified polyacrylamide is reported. Additionally the adsorption of 
polyacrylamides on the silica surface and their subsequent desorption from silica in the presence 
of Cyclodextrins is demonstrated. 
 
5.2. Results and discussion 
5.2.1. Influence of Cyclodextins on the deactivation of hydrophobic 
interactions in polymers of acrylamide 
Cyclodextrins (CD) are hydrophilic compounds that form inclusion complexes with hydrophobic 
molecules. This encapsulation allows modulation of the hydrophobic interactions. Complexation 
with polymers is known to affect rheological properties dramatically [112, 115]. The advantage 
of using Cyclodextrin to form complexes with hydrophobically modified polymers is the 
possibility of the recovery of the hydrophobic associations upon addition of surfactants or 
compounds that have a stronger binding affinity to Cyclodextrins e.g. ferrocenecarboxylic acid 
[114, 141, 233]. This presents benefit from an economical point of view since the polymer (drag 
reducing agent) could be recycled. 
An insight into the complexation between Cyclodextrins and hydrophobic moieties in the 
hydrophobically modified polyacrylamide has been obtained using 
1
H NMR. This technique has 
been used by many researchers to study the association characteristics of polymers and 
Cyclodextrins [110, 115, 234]. Figure 5.1 and Figure 5.2 demonstrates a typical 
1
H NMR 
spectrum of poly(acrylamide-co-n-decyl acrylamide), AD8 (0.54 mol% of n-decyl acrylamide), 
α- and β-Cyclodextrin and inclusion complexes of this copolymer with Cyclodextrins recorded in 
D2O. Both the methyl and methylene protons in the decyl side chain of poly(acrylamide-co-n-
decyl acrylamide) in the inclusion complexes with β-Cyclodextrin were shifted downfield from 
δ=0.86 to 0.90 ppm and δ=1.28 to 1.32 ppm, respectively as shown in Figure 5.3. Interaction of 
poly(acrylamide-co-n-decyl acrylamide) with α-Cyclodextrin (100 mol eq) caused a greater 
downfield shift by 0.08 ppm for both methyl and methylene protons. The higher shift in α-
Cyclodextrin in comparison to β-Cyclodextrin was related to the ring size of α-Cyclodextrin. 
Previous studies indicated that α-Cyclodextrin has a higher binding affinity over β-Cyclodextrin 
although this depends on the bulkiness (steric effects and polymer conformation) of the 
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hydrophobic groups [113, 235]. The formation of the inclusion complexes was additionally 
confirmed by the downfield shift of the Cyclodextrin protons observed at δ=5.02 ppm to δ=5.07 
ppm for β-Cyclodextrin and δ=5.02 to δ=5.07 ppm for α-Cyclodextrin, respectively. The protons 
in the region 3.5 to 4 ppm (peaks arising from Cyclodextrin H2 to H6) were shifted downfield by 
0.04-0.05 for β-Cyclodextrin (Figure 5.5) and by 0.04-0.08 for α-Cyclodextrin, respectively 
(Figure 5.4). The observed shifts in the proton resonances indicate the interaction of the alkyl 
chains from hydrophobic moieties in copolymers with Cyclodextrins. As shown in Figure 5.3, 
the extent of the downfield shift was dependent on the concentration of Cyclodextrin used and 
increased with increasing Cyclodextrin concentration. At a 1:1 molar ratio of the hydrophobic 
moiety to β-Cyclodextrin, the shifts of the methyl and methylene protons in the alkyl chain of the 
hydrophobic moiety were shifted by +0.02ppm and +0.02ppm. The proton resonance at 5.02 
ppm corresponding to Cyclodextrin (H1 peak) was shifted downfield to 5.07 ppm. This shows 
that the degree of shift of protons arising from Cyclodextrin did not depend on the concentration 
of Cyclodextrin used. The other peaks belonging to Cyclodextrin appeared to be not of high 
enough intensity for analysis at this concentration of Cyclodextrin. The shifts in the peak 
resonances were found to be independent on the concentration and type of the hydrophobic 
moiety and the slight increase in the shift by 0.05 (comparing to 0.04 for poly(acrylamide-co-n-
decyl acrylamide)) was observed for the methyl and methylene peaks for the poly(acrylamide-
co-n-octadecyl acrylamide), AOD3. 
 
  
123 
 
 
Figure 5.1. An example of 
1
H NMR spectrum in D2O of poly(acrylamide-co-n-decyl acrylamide) 
(AD8), α-CD and inclusion complex of poly(acrylamide-co-n-decyl acrylamide) (AD8) with 100 
meq α-CD. 
 
Figure 5.2. An example of 
1
H NMR spectrum of poly(acrylamide-co-n-decyl acrylamide) (AD8), 
β-CD and inclusion complex of poly(acrylamide-co-n-decyl acrylamide) (AD8) and 100 meq β-
CD studied in D2O. 
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Figure 5.3. Part of the 
1
H NMR spectrum in D2O showing protons in poly(acrylamide-co-n-decyl 
acrylamide) (AD8) and inclusion complexes at 1 and 100 meq of β-CD and 100 meq α-CD.  
 
Figure 5.4. Part of the 
1
H NMR spectrum in D2O showing protons in α-Cyclodextrin (CD) and 
inclusion complex of poly(acrylamide-co-n-decyl acrylamide) (AD8, 0.54 mol% of DAAm) with 
100 meq α-CD.  
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Figure 5.5. Part of the 
1
H NMR spectrum in D2O showing protons of β-Cyclodextrin (CD) and 
inclusion complex of poly(acrylamide-co-n-decyl acrylamide) (AD8, 0.54 mol% of DAAm) with 
100 meq of β-CD.  
The hydrophobically modified copolymers had a higher apparent viscosity than the PAAm 
homopolymer at the same concentration. Thus it is apparent that the addition of Cyclodextrin to 
the associated polymer should results in a noticeable decrease in the apparent viscosity. Indeed, 
the apparent viscosity of the polymer solution of poly(acrylamide-co-n-decyl acrylamide) AD8 
at C=5 mg·g
-1
 (well above critical aggregation concentration), decreased significantly upon 
addition of 100 meq of β-Cyclodextrin (β-CD) (Figure 5.6); the polymer gel turned into liquid. 
This was due to the dissociation of the associated n-decyl groups in the copolymer and the 
formation of host-guest complexes between the n-decyl acrylamide groups and the Cyclodextrin 
interior [113, 115, 236].  
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Figure 5.6. Photographs of the transition of the polymer gel formed by poly(acrylamide-co-n-
decyl acrylamide) AD8 (0.54 mol% of DAAm) at C=5 mg·g
-1
 (left) into solution (right) upon 
addition of 100 meq of β-CD. 
The influence of Cyclodextrins on the dissociation capability of the hydrophobic physical links 
in the hydrophobically modified PAAm was also studied as a function of shear rate at a semi-
dilute polymer concentration of 0.5 mg·g
-1
. This maximum concentration is typically used in 
drag reduction studies.  
 
Figure 5.7. Influence of α- and β-Cyclodextrin addition on the apparent viscosity of solutions of 
poly(acrylamide-co-n-decyl acrylamide) (AD7, 0.65 mol% DAAm). Studied at polymer C= 0.5 
mg·g
-1
 and 25 ºC. 
The interaction of the polymers with Cyclodextrins resulted in visible changes to the viscoelastic 
properties due to masking of the hydrophobic associations. As shown in Figure 5.7, the addition 
of α-Cyclodextrin and β-Cyclodextrin to copolymer AD7 resulted in a decrease in the apparent 
viscosity of polymer solution and the extent of the apparent viscosity decrease was dependent on 
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the concentration of Cyclodextrin. Upon addition of 1 mol eq. of α-Cyclodextrin, the apparent 
viscosity of copolymer AD7 decreased by the 20 %. Any further increases in the concentration of 
Cyclodextrin did not affect the polymer’s behaviour significantly. When β-Cyclodextrin was 
used, a decrease in apparent viscosity was also seen. At a 1:1 mol eq. Cyclodextrin to 
hydrophobic monomer ratio, a 30 % decrease in the apparent viscosity was observed. The 
observed apparent viscosity reduction with addition of either α-Cyclodextrin or β-Cyclodextrin 
was caused by the deactivation of hydrophobic associations, due to the formation of inclusion 
complexes with between hydrophobic motieties and Cyclodextrins [232, 237, 238]. Additionally, 
the extent of the reduction of the copolymer’s apparent viscosity upon addition of β-Cyclodextrin 
was higher (by 10 %) in comparison to α-Cyclodextrin. This finding was opposite to literature 
reports on binding studies between polymers and Cyclodextrins [113, 235, 239] and 
1
H NMR 
studies. On the other hand Karlson [111] and Harada et al. [240] indicated that the increased size 
of β-Cyclodextrin’s cavity often results in a higher tendency for complex formation with 
sterically hindered or bulky hydrophobes and the binding is dependent on the polymer 
conformation. Copolymer AD7 had the longest hydrophobic blocks (bulky groups) and strongest 
hydrophobic interaction out of all other copolymers therefore it had higher affinity towards β-
Cyclodextrin. 
It should be noted that the apparent viscosity of the copolymer AD7 increased at high 
concentrations of β-Cyclodextrin. This behaviour was observed in previous studies on 
interactions of hydrophobically modified polymers of alginate and hydroxyethyl cellulose with 
Cyclodextrins. Kjøniksen et al. [241] and Bu et al. [242] suggested that the increase in apparent 
viscosity was due to cross-linking of hydrophobically modified polymers, via assembling of the 
Cyclodextrin molecules into complexes at junction zones and the formation of large aggregates 
or crystallites. Wang and Banerjee [243] studied complexes of Cyclodextrins and copolymers of 
polyacrylamide with cationic monomers and showed that the increase in apparent viscosity and 
hydrodynamic volume was due to polymer agglomeration above a certain threshold of 
Cyclodextrin concentration.  
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Figure 5.8. Influence of α- and β-Cyclodextrin addition on the apparent viscosity of solutions of 
poly(acrylamide-co-n-decyl acrylamide) (AD8, 0.54 mol% DAAm). Studied at polymer C= 0.5 
mg·g
-1 
and 25 ºC.  
 
Figure 5.9. Influence of α- and β-Cyclodextrin addition on apparent viscosity of solutions of 
poly(acrylamide-co-n-decyl acrylamide) (AD9, 0.33 mol% DAAm). Studied at C= 0.5 mg·g
-1 
and 25 ºC. 
The addition of Cyclodextrins to copolymer AD8 (Figure 5.8) resulted in a decrease in the 
apparent viscosity for both α- and β-Cyclodextrin-polymer complexes by up to 14 %. The 
reduction in apparent viscosity was caused by the annihilation of the hydrophobic interactions in 
this copolymer. The addition of both α- or β-Cyclodextrin to copolymer AD9 (Figure 5.9) did 
not result in any significant changes to this polymer’s rheology and upon addition of β-
Cyclodextrin to this polymer apparent viscosity decreased by only 7 %. This could be due to the 
  
129 
 
low concentration of the hydrophobic moieties (0.33 mol%) incorporated into this copolymer. As 
a result, the deactivation of hydrophobic interactions by Cyclodextrins did not cause detectable 
changes in the observed apparent viscosity. 
 
Figure 5.10. Influence of α- and β-Cyclodextrin addition on the apparent viscosity of solutions of 
poly(acrylamide-co-n-decyl acrylamide) (AD10, 0.21 mol% DAAm).Studied at C= 0.5 mg·g
-1
 
and 25ºC. 
The rheological behaviour of copolymer AD10 was found to be not significantly affected by 
addition of α- or β-Cyclodextrin (Figure 5.10) and only small changes in the apparent viscosity 
were observed at low shear rates. This was most likely due to the small concentration of n-decyl 
acrylamide in the copolymer. Upon dissociation of the hydrophobic groups, the difference in the 
apparent viscosity was not large enough to be detected by the rheometer.  
The rheological study in Figure 5.11 indicated that complexation of copolymer AOD3 with α-
Cyclodextrin did not affect the apparent viscosity of aqueous polymer solution significantly. 
When β-Cyclodextrin was introduced instead, the apparent viscosity of aqueous polymer solution 
decreased more dramatically and at 10 mol eq of β-Cyclodextrin (with respect to 1 mol eq of 
hydrophobic chains) a polymer solution behaved almost like a Newtonian liquid (40 % decrease 
in apparent viscosity). This indicated the deactivation of the hydrophobic associations due to 
complexation with Cyclodextrin. The higher tendency of β-Cyclodextrin to form complexes with 
longer alkyl chains is related to steric effects, arising from inclusion of the C18 alkyl chain. The 
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larger cavity of β-Cyclodextrin as compared to α-Cyclodextrin results in the lower affinity of the 
latter towards bulky alkyl chains [115, 240, 244].  
 
Figure 5.11. Influence of α- and β-Cyclodextrin addition on apparent viscosity of solutions of 
poly(acrylamide-co-n-octadecyl acrylamide) (AOD3, 0.09 mol% ODAAm). Studied at polymer 
C= 0.5 mg•g-1. 
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Figure 5.12 Influence of α- and β-Cyclodextrin addition on apparent viscosity of solutions of 
PAAm0. Studied at polymer C= 0.5 mg·g-1 
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As before, the formation of aggregates of complexes at higher concentrations of Cyclodextrin 
resulted in an increase in the apparent viscosity. As expected no changes in rheological 
behaviour of PAAm0 were observed upon addition of Cyclodextrins (results shown in Figure 
5.12). 
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Figure 5.13. Influence of α-CD addition on the drag reduction of PAAm copolymers. Studied at 
11200 s-1, at 25ºC and at polymer C= 0.5 mg·g-1. 
The effect of complexation of copolymers with Cyclodextrins on drag reduction has been 
studied, at a constant shear rate of 11200 s
-1 
and a constant polymer concentration of 0.5 mg·g
-1
. 
Drag reduction is expected to be affected by addition of Cyclodextrins, since formation of 
inclusion complexes between Cyclodextrin and polymer would result in the dissociation of 
hydrophobic links, therefore results in a decrease in an apparent molecular weight. Drag 
reduction profiles for the copolymer complexes with α- and β-Cyclodextrin are shown in Figure 
5.13 and Figure 5.14, respectively.  
Increases in the concentration of α-Cyclodextrin resulted in an increase in observed drag 
reduction (DR) for copolymers AD7 (0.65 mol% DAAm) and AD8 (0.54 mol% DAAm) by 7 
and 4.5 %, respectively (Figure 5.13). The observations were in contrast to what was expected, 
since the decrease in apparent viscosity (measured by rheometer, Figure 5.7 and Figure 5.8) 
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suggested deactivation of the hydrophobic associations. It can be therefore hypothesised that the 
disruption of the hydrophobic associations and complexation by α-Cyclodextrin, resulted in a 
more open conformation of the copolymer. As a result, the polymer complex was more flexible 
and more efficient in suppressing the Taylor vortices.  
The drag reduction of copolymer AD9 (0.33 mol% DAAm) was found to be largely unaffected 
by complexation with α-Cyclodextrin. This is in agreement with apparent viscosity data obtained 
from the rheological measurements (Figure 5.9) and the values of the hydrodynamic radius (RH) 
obtained by Dynamic Light Scattering (DLS) (Table 5.1). The unchanged performance of the 
copolymer could be due the small concentration of hydrophobic moieties present, which upon 
complexing with Cyclodextrin did not affect its energy absorbing abilities from turbulent 
microdisturbances.  
The drag reduction (DR) efficiency upon complexing the copolymer AD10 (0.21 mol% DAAm) 
with α-Cyclodextrin was lowered by 7 % and with an increase in the Cyclodextrin concentration, 
the drag reduction levelled off (Figure 5.13). The dissociation of intra- and intermolecular 
hydrophobic groups was facilitated for the copolymer, due to the loosely connected weak 
associations. This is consistent with results achieved by dynamic light scattering (DLS) although 
the rheology was found to be only slightly affected at low shear rates (Table 5.1 and Figure 
5.10). 
The drag reduction of copolymer AOD3 (0.09 mol% ODAAm) decreased by 8 % at low 
concentrations of α-Cyclodextrin ([CD]< 10 mol eq.) which could be explained in a similar 
manner as for copolymer AD10. Rheological studies (Figure 5.11) showed only a small decrease 
in apparent viscosity at low shear rates. The increase of drag reduction upon addition of α-
Cyclodextrin concentrations greater than 10 mol eq could not be attributed to the association of 
the Cyclodextrin-polymer complexes, since the apparent viscosity of the polymer complex and 
hydrodynamic radius (RH) remained nearly unchanged upon complexation of AOD3 with α-
Cyclodextrin. Therefore it can be assumed that the hydrophobic associations between 
hydrophobic moieties in aqueous solutions of this copolymer were rather strong and upon 
addition of Cyclodextrin, a more open conformation was formed. This conformation was 
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therefore capable of a more efficient coil unravelling in turbulent flow and hence was more 
effective in the suppression of turbulence. 
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Figure 5.14. Influence of the addition of β-CD to aqueous solutions of PAAm copolymers on the 
drag reduction. Studied at 11200 s
-1
, at 25ºC and at polymer C= 0.5 mg·g
-1
. 
The effect of the complexation of copolymers AD7 (0.65 mol% DAAm) and AD8 (0.54 mol% 
DAAm) with β-Cyclodextrin on the drag reduction efficiency was found to follow similar trends 
(Figure 5.14). However, the drag reduction (DR) performance of copolymer AD7 was found to 
initially decrease at Cyclodextrin concentrations below 10 mol eq. This behaviour could be the 
result of the destruction of hydrophobic interactions as suggested by the apparent viscosity trend 
from the rheology (Figure 5.7) and value of hydrodynamic radius from the DLS (Table 5.1). The 
increase in drag reduction for copolymer AD7 at high concentrations of Cyclodextrin ([CD]> 1 
mol eq) was most likely due to formation of aggregates of inclusion complexes as evidenced by 
rheology. The data from the DLS was however inconclusive, since the changes in hydrodynamic 
radius were too small. Additionally, it is postulated that the interaction of complexes of 
copolymer AD8 with vortices was higher due to the destruction of tighly associated molecules. 
This hypothesis was supported by the decrease in apparent viscosity of aqueous solutions as 
studied by rheology (Figure 5.8). The increase in the size of hydrodynamic radius for the 
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copolymer AD8 (Table 5.1) makes this theory inconclusive and would suggest the formation of 
larger polymer-Cyclodextrin aggregates. 
The drag reduction (DR) of copolymer AD9 (0.33 mol% DAAm) was found to be unaffected by 
β-Cyclodextrin concentration below 1 mol eq and only slightly decreased upon addition of 
higher concentrations of Cyclodextrin. As a result, a decrease of ~ 4 % in drag reduction was 
observed. This result was consistent with the rheological data shown in Figure 5.9, which 
illustrated only a small change in the apparent viscosity upon addition of β-Cyclodextrin. The 
DLS data shown in Table 5.1 also demonstrated that the hydrodynamic radius was not largely 
affected by polymer complexation with β-Cyclodextrin.  
The drag reduction (DR) efficiency of the complexes of copolymers AD10 (0.21 mol% DAAm) 
and AOD3 (0.09 mol% ODAAm) with β-Cyclodextrin followed similar trends. At 0.5 mol eq of 
β-Cyclodextrin, drag reduction for both copolymers was found to decrease by 14 and 8 %, 
respectively. The decrease in drag reduction performance for both copolymers was a result of the 
deactivation of weak hydrophobic interactions as indicated by the lower hydrodynamic radius 
(Table 5.1) and lower apparent viscosity (however copolymer AD10 showed barely noticeable 
changes in viscosity, Figure 5.10). An increase in concentration of β-Cyclodextrin above 0.5 mol 
eq resulted in an increase in drag reduction (DR) perfomance. Further increases in the 
concentration of β-Cyclodextrin did not result in significant drag reduction performance changes 
in copolymer AD10, however an increase in drag reduction for copolymer AOD3 was observed. 
The observed increase in the drag reduction of AOD3 was a result of the aggregation of 
Cyclodextrin-copolymer complexes [243]. This was evidenced by an increase in hydrodynamic 
radius and apparent viscosity (Table 5.1 and Figure 5.11). 
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Sample 
Mw 
(kDa) 
PDI 
H
NMR 
(mol%) 
RH 
(nm) 
RH0.5β-CD 
(nm) 
RH1β-CD 
(nm) 
RH100β-CD 
(nm) 
RH100α-CD 
(nm) 
AD7 974 2.8 0.65 95.8±3.7 86.3±3.5 92.0±1.4 88.6±3.2 90.7±3.8 
AD8 864 1.2 0.54 73.2±2.2 82.8±2.3 80.9±1.8 91.8± 4.0 90.6±7.3 
AD9 1163 1.9 0.33 104.4±4.6 99.6±2.0 107.1±7.4 105.7±3.8 103.1±3.8 
AD10 1074 1.5 0.21 98.0±6.0 88.4±3.3 NA 92.1±3.2 93.1±1.9 
AOD3 1345 1.7 0.09 92.9±1.8 86.2±1.8 NA 92.4±1.0 84.9±3.0 
Table 5.1. Weight average molecular weight Mw, polydispersity index PDI, hydrophobic moiety 
content H, and hydrodynamic radius RH for PAAm and its copolymers with and without α- or β-
Cyclodextrin addition; AD= poly(acrylamide-co-n-decyl acrylamide), AOD= poly(acrylamide-
co-n-octadecyl acrylamide). 
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Figure 5.15. Percent DR of PAAm0 (Mw=1896 kDa) as a function of α- and β-CD concentration 
studied in deionised water. Measured at 11200 s
-1
, 25ºC and polymer C= 0.5 mg·g 
-1 
Figure 5.15 illustrates the drag reduction performance of polyacrylamide (PAAm0) in deionised 
water upon addition of α- and β-Cyclodextrin. The drag reduction perfomance was constant for 
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the homopolymer of acrylamide in the presence of Cyclodextrins. Thus, the drag reduction 
perfomance of copolymers was clearly affected by the presence of hydrophobic moieties. 
 
5.2.3. Adsorption of polymers of PAAm and desorption from silica using 
Cyclodextrins 
Water soluble polymers are effective in reducing drag, however they are known to adsorb in gas 
and oil reservoirs [22, 24, 224]. The adsorption of polymers is particularly troublesome in low 
permeability reservoirs, which leads to undesirable polymer deposits and impacts on the 
recovery of hydrocarbons [23, 223]. Expensive clean up operations such as enzymatic 
degradation are usually required to remove polymers from the surface of the reservoir. The 
adsorption of associating polymers was found to be especially problematic since the existence of 
physical interactions between hydrophobic groups lead to increased adsorption of polymer [22, 
25, 228, 231]. For these applications, the availability of additives capable to desorb the polymer 
from the solid surface would be very advantageous. Since hydrophobically modified polymers 
were found to be responsive to the addition of Cyclodextrins, the influence of these additives on 
the copolymers’ desorption from a silica surface was investigated. The influence of the 
Cyclodextrins on desorption of PAAm0 was also studied for comparison. 
The adsorption of copolymers AD10 (0.21 mol% DAAm, Mw= 1074 kDa) and AOD3 (0.09 
mol% ODAAm, Mw= 1345 kDa) and homopolymer PAAm0 (Mw= 1896 kDa) as a function of 
concentration were determined quantitatively using Total Organic Carbon (TOC) Analyser and 
the results are shown in Figure 5.16. With increasing the polymer concentration, the adsorption 
of polymers on silica increased.  The plateau of adsorption for both copolymers was observed in 
the concentration range between 0.25 to 0.5 mg·g
-1
. The levelling of adsorption was described by 
Argillier et al. [22] as being due to the aggregation of particles induced by the adsorption of high 
molecular weight polymers and the resulting decrease of the accessible surface for further 
adsorption. 
Increasing the concentration of PAAm0 resulted in the increase in the adsorbed amount of 
polyacrylamide and no plateau was achieved in the range of concentrations studied. Adsorption 
of polymers on solids is determined by the nature of the solid substrate such as the 
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hydrophilicity, the molecular weight of the polymer as well as the existence of physical 
interactions between polymer molecules and between polymer and the solid surface [22, 231]. It 
is established that the extent of adsorption of homopolymers and copolymers increases with 
molecular weight [228, 245]. The molecular weight of PAAm0 studied in this investigation was 
higher than that of the copolymers; therefore the degree of adsorption of PAAm0 was higher. 
The hydrophilicity of silica used was also a factor that could influence the adsorption of 
polymers.  
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Figure 5.16. The adsorption of PAAm0 and its copolymers with n-decyl acrylamide AD10 and 
n-octadecyl acrylamide AOD3 on silica (specific surface area of silica 45 m
2
·g) as a function of 
polymer concentration. Measured in deionised water, at pH 7 and 25ºC. 
It is interesting to point out that the extent of adsorption of copolymers on the silica, as 
determined at polymer C=0.5 mg·g
-1
, was found to be dependent on the content of the 
hydrophobic moieties (Table 5.2). The adsorption of copolymer AD8 (0.54 mol% DAAm, Mw= 
864 kDa) was found to be higher than the adsorption of other polymers and only slightly higher 
than the adsorption of PAAm0. The Mw of copolymer AD8 was half that of PAAm0. Bottero et 
al. showed that the size of the loops formed by the adsorbed polymer increases with the length of 
polymer [245]. This demonstrates that the hydrophobically modified copolymer AD8 had a 
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higher affinity to silica, since at this molecular weight adsorption of this copolymer on silica was 
expected to be lower. This also indicates that the physical interactions between polymer chains 
were responsible for the increased adsorption of hydrophobically modified polymers onto the 
silica. This observation is in agreement with previous studies on the adsorption of water soluble 
polymers containing hydrophobic groups [22, 25, 228]. 
The extent of desorption of polymers from the silica surface was determined under the same 
conditions as used in the adsorption study. The amount of polymer desorbed was determined 
quantitatively by TOC at a polymer concentration of 0.5 mg·g
-1
. The data presented in Table 5.2 
indicate that in presence of β-Cyclodextrin, copolymers AD8 and AOD3 became fully desorbed 
from the silica. It was also observed that the extent of desorption was connected to the efficiency 
with which the copolymers formed complexes with Cyclodextrins. α-Cyclodextrin was found to 
have little influence on rheological behaviour when complexed with copolymer AD10 and 
AOD3 (Figure 5.10 and Figure 5.11). As such α-Cyclodextrin was the worst inhibitor of 
polymer adsorption with only a few percent of polymer recovery seen. β-Cyclodextrin was found 
to form stronger complexes with copolymers AD8 and AOD3 in comparison to copolymer 
AD10 (rheological study, Figure 5.8, Figure 5.11 and Figure 5.10). Thus, only ~53 % recovery 
of the copolymer AD10 was seen.  
It is interesting to point out that addition of α- and β-Cyclodextrin resulted in partial desorption 
of polyacrylamide. It is an unexpected phenomenon, since the rheological behaviour of 
polyacrylamide was found to be unaffected by the presence of Cyclodextrins. It is therefore 
hypothesised that the formation of hydrogen bonds between the hydroxyl groups of Cyclodextrin 
and the amide groups of polyacrylamide, could account for the partial desorption of 
homopolymer. It is also possible that the interaction of Cyclodextrin with silica surface was 
stronger than the interaction of polyacrylamide with silica. Therefore, it is feasible that 
Cyclodextrin displaced some of the polyacrylamide molecules on silica. 
The obtained results indicate that β-Cyclodextrin is the most efficient additive for desorption of 
copolymers containing hydrophobic groups. The recovery of the polymer from the silica surface 
was nearly 100 % for the majority of copolymers. Moreover, the addition of β-Cyclodextrin to 
the silica slurry containing adsorbed polyacrylamide resulted in ~40 % of homopolymer 
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recovery. The results achieved demonstrate the superiority of the Cyclodextrin in desorption of 
both homopolyacrylamide and associating polyacrylamide.   
Sample 
Mw 
(kDa) 
PDI 
H 
(mol%)
NMR 
Ads0.5mg.g-1 
(µg·g
-1
) 
Desα-CD 
(µg·g
-1 
) 
(%) 
Desβ-CD 
(µg·g
-1
) 
(%) 
AD8 864 1.2 0.54 4981±108.7 - 
4976.3±52.53 
99.9 
AD10 1074 1.5 0.21 1450.6±317.5 
104.91
 
7.2 
768.82
 
52.7 
AOD3 1345 1.7 0.09 2262 
200.04±49.91
 
8.84 
2246.7±03 
99.4 
PAAm0 1896 1.3 0 4892.2±120.7 
1697.1±1201
 
34.7 
1891.7±36.62 
38.1 
Table 5.2. The amount of PAAm and its hydrophobically modified copolymers adsorbed and 
desorbed on and from silica as measured by TOC; 
1
Amount desorbed with 100 α-CD, no 
desorption seen at 0.5 and 1 meq of α-CD, 2Amount desorbed with 100 β-CD, no desorption seen 
at 0.5 and 1 meq of β-CD, 3Amount desorbed with 0.5 and 100 meq β-CD. 
5.3. Summary 
The aim of the study carried out in this chapter was to identify suitable additives capable of 
dissociating hydrophobic interactions between or within polymer chains. Deactivation of 
hydrophobic interactions would result in reduced viscosity, quick partitioning of polymer into 
the water phase and reduced adsorption of polymer onto the surfaces of the well formation. 
Cyclodextrins were chosen as potential materials capable of dissociating hydrophobic 
interactions.  
1
H NMR studies demonstrated that α- and β-Cyclodextrin formed inclusion complexes with the 
alkyl chains of n-decyl- and n-octadecyl acrylamide moieties. The formation of inclusion 
complexes of polyacrylamides with Cyclodextrins was further confirmed by rheology. This study 
showed the stronger tendency of β-Cyclodextrin to form complexes with the copolymers 
containing the highest concentration of n-decyl acrylamide (0.65 mol%) and n-octadecyl 
acrylamide (0.09 mol%). The measurements of instantaneous drag reduction as a function of 
Cyclodextrin concentration indicated, that the changes in drag reduction were caused by the 
modulation of the hydrophobic interactions. The drag reduction study carried out at higher 
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concentrations of Cyclodextrins ([CD]> 1 or 10 mol eq.) indicated the possible formation of 
copolymer-Cyclodextrin aggregates and formation of more flexible conformation in copolymers. 
This was evidenced by an increase in the observed value of drag reduction and the increase in the 
dimensions of the polymer’s hydrodynamic radius.  
The polymers exhibited an increase in polymer adsorption on silica as a function of polymer 
concentration. The extent of polymer adsorption was dependent on the molecular weight of the 
polymer studied and the strength of polymer-polymer interaction. The hydrophobic interactions 
were found to be responsible for the higher adsorption of the hydrophobically modified 
polyacrylamides on silica. The extent of polymer desorption from the surface of the silica was 
found to be dependent on the type of Cyclodextrin used. The nearly complete removal of the 
copolymers AD8 (0.54 mol% of DAAm) and AOD3 (0.09 mol% of ODAAm) and partial 
removal of copolymer AD10 (0.21 mol% of DAAm, ~53 % of copolymer desorption) was 
achieved by β-Cyclodextrin. This was due to the formation of inclusion complexes between 
Cyclodextrin and the hydrophobic moieties. The lower value of desorption of the copolymer 
AD10 from silica was due to weaker interaction of this copolymer with both α- and β-
Cyclodextrin. The partial desorption of polyacrylamide by α- and β- Cyclodextrin (~ 34 and 38 
%) was also demonstrated. This was considered to be due to either hydrogen bonding between 
the amide groups in the polymer and the hydroxyl groups in Cyclodextrins or partial 
displacement of polyacrylamide layers by Cyclodextrins due preferential adsorption of 
Cyclodextrins on silica over polyacrylamide. This study demonstrated that inexpensive 
Cyclodextrin can be utilised in removal of polymer from the surface of the well formation.  
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Chapter 6  
Hydrophobically modified polymers of N-
hydroxyethyl acrylamide 
6.1. Introduction 
Since the paper by Toms [9] on drag reduction effect caused by polymer solutions, many  studies 
on various aspects of this phenomemon have followed. The molecular parameters that were 
found to affect the drag reduction performance of polymers were determined to be: the molecular 
structure, the chain flexibility, the length of polymeric molecules and the conformation of the 
random coil in various solvents [34, 77, 201].  
The conformation of the polymer coils has an important influence on drag reduction. In turbulent 
flow, a random coil interacts with the flow and adsorbs kinetic energy from vortices [30]. It is 
also recognised that a good solvent promotes higher drag reduction, since the better interaction 
of the polymer results in an expanded polymer conformation i.e. higher hydrodynamic volume 
[83, 246]. It is therefore reasonable to assume that drag reduction performance is governed by 
the extent of the polymer/solvent interaction in a given solvent. 
Poly(N-hydroxyethyl acrylamide) (PHEAAm) is a derivative of polyacrylamide with primary 
hydroxyl groups. It is more resistant to hydrolysis and more hydrophilic compared to 
polyacrylamide, and has been studied as a potential matrix for the capillary electrophoresis of 
DNA [161]. The synthesis of the poly(N-hydroxyethyl acrylamide) (PHEAAm) copolymers with 
a variety of monomers such as the N-acryloylmorpholine, N,N-dimethylacrylamide [163], 2,7-
(9,9-dihexylfluorene) and N-isopropylacrylamide [247] or styrene  has been reported. Saito et al. 
demonstrated that poly(N-hydroxyethyl acrylamide) was the most hydrophilic polymer of all 
known water soluble polymers [160]. Moreover, Skov et al. showed that this polymer has a 
higher radius of gyration in comparison to polyacrylamide of the same molecular weight [161]. 
Since drag reduction is largely dependent on the hydrodynamic volume, it can be considered that 
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the poly(N-hydroxyethyl acrylamide) could potentially provide better drag reduction in 
comparison to polyacrylamide. In addition, since poly(N-hydroxyethyl acrylamide) is more 
resistant to hydrolysis than polyacrylamide, it can be assumed that it could be used over a wider 
range of conditions (such as acidic or basic media) [162]. Furthermore, the incorporation of 
hydrophobic moieties into the polymer’s backbone could potentially result in even higher drag 
reduction due to intermolecular hydrophobic associations between polymer chains and resulting 
higher apparent molecular weight. 
The objective of the work described in this chapter was to investigate the possibility of the 
utilisation of poly(N-hydroxyethyl acrylamide) homopolymer and its copolymers as potential 
drag reducing agents. This chapter reports the micellar copolymerisation of N-hydroxyethyl 
acrylamide with varying amounts of n-decyl- and n-octadecyl acrylamide. The details of the 
synthesis and the characterisation procedures are described in Chapter 3. Micellar 
copolymerisation was chosen since it is known to result in high molecular weight water soluble 
copolymers. In addition, the hydrophobic groups are distributed as random blocks along the 
polymer backbone [116, 122, 124, 203]. The influence of the concentration of the hydrophobic 
monomers on the rheological and drag reducing properties of polymer solutions are reported. 
The effect of the size of the random coil of the copolymers on drag reduction is also 
demonstrated. 
 
6.2. Results and Discussion  
6.2.1. Synthesis and characterisation of polymers of N-hydroxyethyl 
acrylamide 
A series of hydrophobically modified poly( N-hydroxyethyl acrylamide) copolymers were 
synthesized via the micellar copolymerisation procedure. The homopolymer was also 
synthesised via the same method and used as a control sample in all studies. It is well known that 
the properties of copolymers synthesised by micellar copolymerisation depend strongly on the 
hydrophobic monomer to surfactant ratio used in the polymerisation [126, 127, 132]. Thus, in 
this research, the size of the blocks and the concentration of hydrophobic moieties in the 
copolymers were controlled by altering the number of hydrophobes per surfactant micelle (NH) 
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and concentration of the hydrophobic monomer in the feed. In Chapter 4, the water solubility of 
copolymers was found to be largely dependent on the NH and on the initial concentration of 
hydrophobic monomer. The NH number and the concentration of the hydrophobic monomer in 
this study was therefore kept below the specified value (NH<2.1 and [H]<0.85 mol%) as 
indicated in the experimental conditions in Chapter 3 Sections 3.3.1 and 3.3.2. N-decyl 
acrylamide and n-octadecyl acrylamide were chosen as hydrophobic monomers in order to study 
the influence of length of the alkyl chain on the degree of association. It is alleged that longer 
alkyl chains lead to stronger hydrophobic association and the higher apparent molecular weight 
resulting in higher drag reduction effect and improved shear stability of copolymers.  
The composition of the copolymers was determined using 
1
H NMR. Elemental analysis was 
additionally used to verify the results obtained by the NMR. The 
1
H NMR spectra of n-decyl 
acrylamide and n-octadecyl acrylamide were recorded in CDCl3 and the spectra are presented in 
Chapter 4 Figure 4.1 and Figure 4.4. The 
1
H NMR spectrum of poly(N-hydroxyethyl 
acrylamide) (PHEAAm0) and its copolymers with n-decyl acrylamide and n-octadecyl 
acrylamide were recorded in D2O. The spectrum of PHEAAm0, a typical spectrum of poly(N-
hydroxyethyl acrylamide-co-n-decyl acrylamide) (HED1, 0.73 mol% DAAm) and poly(N-
hydroxyethyl acrylamide-co-n-octadecyl acrylamide) (HEOD1, 0.13 mol% ODAAm) is 
presented in Figure 6.1, Figure 6.2 and Figure 6.3.  
 
  
144 
 
 
Figure 6.1. 
1
H NMR spectrum of poly(N-hydroxyethyl acrylamide) acquired in D2O 
(PHEAAm0). 
 
Figure 6.2. 
1
H NMR spectrum of poly(N-hydroxyethyl acrylamide-co-n-decyl acrylamide) 
acquired in D2O (HED1, 0.73 mol% DAAm). 
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Figure 6.3.
 1
H NMR spectrum of poly(N-hydroxyethyl acrylamide-co-n-octadecyl acrylamide) 
acquired in D2O (HEOD1, 0.11 mol% ODAAm). 
Protons characteristic for poly(N-hydroxyethyl acrylamide), n-decyl acrylamide and n-octadecyl 
acrylamide were identified and assigned (Figure 6.2 and Figure 6.3). In the spectrum of n-decyl 
acrylamide and n-octadecyl acrylamide (Figure 4.1 and Figure 4.4, Chapter 4), the chemical 
shifts for the protons from the methylene groups (CH2) were marked as B-H, I and J (or B-P, Q 
and R in n-octadecyl acrylamide) and can be distinguished in the 1.2-1.6 ppm range and at 3.3 
ppm, respectively. The strong triplet from the protons of the methyl groups (CH3), signal A, 
appears at 0.8 ppm. In the spectrum of the poly(N-hydroxyethyl acrylamide) (PHEAAm0) 
(Figure 6.1), the peaks in the range of 1.2 and 3.2 ppm correspond to the protons of the 
methylene (A) and methine (B) groups in the polymer backbone. The methylene protons C and D 
in the side chain can be identified in the 3.1-3.6 ppm range. All of the protons for PHEAAm0 
polymer and protons from the alkyl chain of n-decyl acrylamide, A and B-J, could be identified 
and assigned in the 
1
H NMR spectrum of poly(N-hydroxyethyl acrylamide-co-n-decyl 
acrylamide) synthesised via micellar polymerisation (Figure 6.2). This confirms the successful 
incorporation of the n-decyl acrylamide into the copolymer backbone.  
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All of the protons for PHEAAm0 polymer and the protons from the alkyl chain of n-octadecyl 
acrylamide, B-Q could be identified and assigned in the 
1
H NMR spectrum of poly(acrylamide-
co-n-octadecyl acrylamide) (Figure 6.3). This confirmed that n-octadecyl acrylamide was 
successfully incorporated into the copolymer structure. Protons A and R could not be assigned 
due to low concentration of n-octadecyl acrylamide moieties in the copolymer.  
In the 
1
H NMR spectrum, the peaks of the terminal methyl and methylene groups in the alkyl 
chains of n-decyl- and methylene peak in n-octadecyl acrylamide and the peaks from 
methylene/methine groups in the polymer backbone were found to be sufficiently separated to 
allow the determination of the hydrophobic monomer concentration in the copolymers from their 
integrals. The data in Table 6.1 indicates that the amount of n-decyl acrylamide (DAAm) and n-
octadecyl acrylamide (ODAAm) in the copolymer is almost the same as the amount of the 
hydrophobic monomer in the feed. It should be noted however that the determination of the 
composition of copolymers determined by 
1
H NMR, was a subject to a degree of uncertainty due 
to the low sensitivity of NMR (1-2%). However, based on the obtained results it can be stated 
that the composition of the copolymers is similar to the monomer feed composition used in the 
copolymerisation. This is in agreement with the research carried out by Candau et al. [122, 123, 
132]. Candau and co-workers found that the micellar copolymerisation of acrylamide with 
hydrophobic monomers carried out to conversion below 50 %, leads to a copolymer composition 
equivalent to the monomer composition used in the feed. However, the final composition largely 
depends on the number of the hydrophobes per surfactant micelle NH. This is due to the 
enhancement of the reactivity of hydrophobic monomers with increasing NH number. This results 
in the fast and complete consumption of the hydrophobic monomer in the early stages of 
polymerisation. When NH is 1 or smaller, the compositional heterogeneity is however minimized. 
On the basis of Candau’s research, the fact that relatively low NH numbers were used in the 
polymerisation and the similarity of N-hydroxyethyl acrylamide to acrylamide, it can be assumed 
that the composition of the copolymers is equal to the monomer composition used in the feed.   
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Sample 
Yield 
(g) 
 (%) 
Mw 
(kDa) 
PDI 
H 
(mol%) 
Feed 
NH 
H 
(mol%)
EA
 
H 
(mol%)
NMR
 
HED1 
1.801 
85.2 
656 1.7 0.72 1.55 0.73 0.73 
HED2 
1.392 
65.8 
792 2.2 0.50 1.08 0.53 0.51 
HED3 
1.439 
68.0 
706 2.2 0.28 0.61 0.35 0.33 
HEOD1 
1.600 
67.8 
204 1.5 0.1 0.24 0.13 0.11 
PHEAAm0 
1.742 
74.0 
633 1.8 0 0 0 0 
Table 6.1. Yield, molecular weight Mw and the content of hydrophobic moieties H in the 
copolymers obtained by micellar polymerisation; PDI is the polydispersity index, HED= poly(N-
hydroxyethyl acrylamide-co-n-decyl acrylamide), HEOD= poly(N-hydroxyethyl acrylamide-co-
n-octadecyl acrylamide), PHEAAm0= poly(N-hydroxyethyl acrylamide). 
All polymerisations were carried out with high initial concentration of the monomers according 
to Equation 24 (~18 wt%) in order to obtain polymers with high molecular weight. The 
molecular weights achieved, as shown in Table 6.1 were found to be reasonably high. The yield 
of the polymerisation was found to be relatively low. This can be explained by the viscosity 
effect. At high concentrations of monomer in the feed, the polymerisation mixture becomes so 
viscous with increasing conversion that the polymerisation becomes controlled by diffusion and 
the decrease in the mobility of the propagating species is observed [210]. 
 
6.2.2. Rheology of polymers of N-hydroxyethyl acrylamide 
The apparent viscosity of the aqueous solutions of poly(N-hydroxyethyl acrylamide) copolymers 
was studied as a function of concentration at a constant shear rate of 10 s
-1
. The influence of 
shear rate between 7 s
-1
 and 1000 s
-1
 was studied in order to determine the viscoelastic properties 
of the polymers. It can be seen from Figure 6.4 that a linear evolution of apparent viscosity with 
concentration was observed for poly(N-hydroxyethyl acrylamide) (PHEAAm0).  
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Figure 6.4. Apparent viscosity of the aqueous solutions of polymers of N-hydroxyethyl 
acrylamide as a function of polymer concentration. Measured at 10 s
−1
 and 25°C (inset shows 
close-up of low concentrations). 
Copolymers containing 0.33 mol% of n-decyl acrylamide and synthesised at low NH (NH = 0.61, 
short length of the hydrophobic block) (HED3) and a low concentration of n-octadecyl 
acrylamide (HEOD1, 0.11 mol% ODAAm, NH= 0.24, Mw= 706 kDa) displayed the same 
behaviour as poly(N-hydroxyethyl acrylamide) (PHEAAm0, Mw= 633 kDa). These 
concentrations of the hydrophobic moieties and the length of the hydrophobic block appear to be 
too low or too short to induce significant changes in the apparent viscosity. Changes in the 
apparent viscosity of copolymer HEOD1 were also not observed despite incorporation of the 
very hydrophobic n-octadecyl acrylamide moieties into the polymer backbone. On the other hand 
the weight average molecular weight (Mw) of poly(N-hydroxyethyl acrylamide-co-n-octadecyl 
acrylamide) was relatively low compared to the homopolymer (PHEAAm0), and therefore, a 
lower apparent viscosity was expected.  
The copolymers HED1 (NH= 1.55, Mw= 656 kDa) and HED2 (NH= 1.08, Mw=792 kDa) 
containing 0.73 and 0.51 mol% of n-decyl acrylamide, respectively, and having longer 
hydrophobic block length than HED3 displayed a noticeably different behaviour; the measured 
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apparent viscosity at polymer C= 1 mg·g
-1
 increased significantly as a result of the strengthening 
of the hydrophobic intermolecular associations. The observed increase in the apparent viscosity 
occurred at a concentration lower than the overlap concentration (C
*
) of the poly(N-hydroxyethyl 
acrylamide) (PHEAAm0). This concentration at which the apparent viscosity of the polymer 
solution abruptly increased corresponds to the critical aggregation concentration (Cagg). This 
observation is in agreement with previous research on hydrophobically modified polyacrylamide 
[26, 215, 248]. It can be also seen in Figure 6.4 that the apparent viscosity of copolymers HED1 
and HED2 was higher than the apparent viscosity of the homopolymer PHEAAm0 at low 
concentrations. This indicates the existence of intermolecular interactions between hydrophobic 
moieties in hydrophobically modified poly(N-hydroxyethyl acrylamide) even in the dilute 
concentration regime in addition to intramolecular hydrophobic interactions. However, the 
apparent viscosity of the copolymer containing n-octadecyl acrylamide (HEOD1) was lower 
than the apparent viscosity of pure homopolymer (PHEAAm0), which had a higher molecular 
weight. This can be associated with the incorporation of longer alkyl chains which result in 
stronger intramolecular interactions, causing coil contraction, and therefore a lower apparent 
molecular weight [249]. This behaviour could be also associated with lower molecular weight of 
HEOD1 (Mw= 204 kDa). 
The changes in the apparent viscosity of aqueous solutions of polymers measured as a function 
of shear rate were measured at polymer concentrations of 0.5 (C<Cagg) and 1 mg·g
-1
 (Cagg) for the 
copolymers and the homopolymer of poly(N-hydroxyethyl acrylamide). It is clearly 
demonstrated in Figure 6.5 and Figure 6.6 that the concentration of hydrophobic moieties in the 
polymer had a significant influence on the polymers behaviour.  
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Figure 6.5. Apparent viscosity as a function of shear rate for aqueous solutions of poly(N-
hydroxyethyl acrylamide) polymers at polymer concentration of 0.5 mg·g
-1
 and at 25°C 
(logarithmic scale). 
The copolymer containing 0.11 mol% of n-octadecyl acrylamide (HEOD1) and homopolymer 
(PHEAAm0) displayed Newtonian behaviour and had comparable viscosities. However, the 
copolymers containing n-decyl acrylamide, HED1 (0.73 mol% DAAm), HED2 (0.51 mol% 
DAAm) and HED3 (0.33 mol% DAAm) displayed pronounced shear thinning. This behaviour 
was a result of the increased apparent viscosity of the copolymers at lower shear rates. Moreover, 
the apparent viscosity increased with increasing concentration of n-decyl acrylamide moieties. 
This indicates an increase in the strength of hydrophobic interaction with increasing 
concentration of n-decyl acrylamide units and with increasing the length of the hydrophobic 
block in the polymer backbone. The apparent viscosity of copolymer HED1 was lower than the 
apparent viscosity of copolymer HED2 and this could be due to lower weight average molecular 
wight of HED1 or stronger intramolecular hydrophobic interactions that cause contraction of the 
random coil. The sharper decrease in the apparent viscosity as a function of shear rate was the 
result of the orientation and the disentanglement of the polymer chains under shear, which is 
associated with the breaking of the hydrophobic intermolecular associations. The apparent 
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viscosity of copolymers containing n-decyl acrylamide HED1, HED2 and HED3 displayed at 
high shear rates, was however larger than the apparent viscosity of homopolymer PHEAAm0, 
suggesting the incomplete breakage of intermolecular hydrophobic associations. This behaviour 
is in agreement with previous findings for hydrophobically modified PAAm copolymers [109, 
250]. 
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Figure 6.6. Apparent viscosity as a function of shear rate for aqueous solutions of poly(N-
hydroxyethyl) polymers at polymer concentration of 1 mg·g
-1
 and at 25°C (logarithmic scale). 
6.2.3. Instantaneous drag reduction study of polymers of N-hydroxyethyl 
acrylamide 
The drag reduction effect caused by aqueous solutions of poly(N-hydroxyethyl acrylamide) 
polymers was studied as a function of concentration using a rheometer equipped with double-gap 
Couette geometry at 25ºC. The drag reduction of commercial polyacrylamide (Mw= 1085 kDa, 
PDI= 2.05) was also studied for comparison. The hydrodynamic radius was also studied by 
Dynamic Light Scattering (DLS) at concentrations below Cagg to study an influence of 
hydrodynamic volume on the drag reduction effect caused by poly(N-hydroxyethyl acrylamide) 
polymers. The percentage drag reduction reported was the maximum drag reduction achieved in 
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the first 5 minutes of measurements. Poly(N-hydroxyethyl acrylamide) (PHEAAm0, Mw= 633 
kDa) and poly(N-hydroxyethyl acrylamide-co-n-octadecyl acrylamide) (HEOD1, Mw= 204 kDa, 
0.11 mol% ODAAm) did not display a drag reduction effect at any concentration studied (Figure 
6.8). The behaviour of latter could be attributed to the low molecular weight, since it is known 
that the lower polymer’s molecular weight limit displaying drag reduction effect is around 500 
kDa [10, 251]. The drag reduction of poly(N-hydroxyethyl acrylamide-co-n-decylacrylamide) 
copolymers was found to increase with concentration and was dependent on the concentration of 
n-decyl acrylamide moieties and the length of the hydrophobic block in the polymer backbone  
(Figure 6.7).  
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
0
10
20
30
40
50
60
70
 
 
 HED1
 HED2
 HED3
 PHEAAm0
 PAAm
D
R
 (
%
)
Concentration (mg.g
-1
)
 
Figure 6.7. Percentage drag reduction as a function of polymer concentration for polyacrylamide 
(PAAm, Mw= 1085 kDa), PHEAAm0 and poly(N-hydroxyethyl acrylamide-co-N-
decylacrylamide) copolymers. 
The drag reduction by poly(N-hydroxyethyl acrylamide-co-n-decyl acrylamide) polymers 
increased with the concentration of n-decyl acrylamide moieties and the length of the 
hydrophobic blocks (increase in NH). The lower drag reduction of HED1 in comparison to 
HED2 could be attributed to lower molecular weight of HED1. The maximum drag reduction 
effect displayed by HED2 containing 0.52 mol% of n-decyl acrylamide and with a molecular 
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weight of 792 kDa was found to be 53 % at C=  0.5 mg·g
-1
 and 57 % at C=1 mg·g
-1
. This level of 
drag reduction was found to be higher than the drag reduction of polyacrylamide of higher 
molecular weight (1085 kDa, DR= 45 %). Moreover, the drag reduction of sample HED2 was 
found to slightly increase further with increasing concentration. 
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Figure 6.8. Percentage drag reduction as a function of polymer concentration for HEAAm 
homopolymer (PHEAAm0) and its copolymer with n-octadecyl acrylamide (HEOD1). 
Drag reduction effect imparted by polymers depend on chemical structure, polymer flexibility, 
polymer-solvent interactions, presence of intermolecular associations and polymer molecular 
weight. The mechanism of drag reduction by polymers is strongly connected to the behaviour of 
polymer macromolecules when interacting with turbulent vortices and this behaviour in turn is 
linked to the above parameters. The lack of the ability of the homopolymer PHEAAm to reduce 
drag cannot be connected to the low molecular weight, since copolymers of comparable 
molecular weight reduce drag effectively. The higher hydrodynamic radius of poly(N-
hydroxyethyl acrylamide) as compared to polyacrylamide should also result in higher drag 
reduction [246]. Lumley stated that polymer molecules become elongated due to interaction with 
turbulent vortices [34]. This elongation leads to an increase in the effective viscosity, which 
enhances the dissipation of turbulent forces. McCormick et al. also stated that more expanded 
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molecules are more effective at low Reynolds numbers since low shear rates are required to 
unravel these molecules. Based on this theory, it is possible that the expanded hydrodynamic 
radius of poly(N-hydroxyethyl acrylamide) PHEAAm0 could be the cause of the worse 
suppression of turbulence at the Reynolds numbers studied in this research. As can be seen from 
the results summarised in Table 6.2 the hydrodynamic radius of polyacrylamide (PAAm) of 
higher Mw was lower than the hydrodynamic radius of poly(N-hydroxyethyl acrylamide) 
(PHEAAm0). The incorporation of hydrophobic moieties into poly(N-hydroxyethyl acrylamide) 
resulted in an increase in the size of the hydrodynamic radius. The predicted hydrodynamic 
radius of copolymer HED1 in the absence of any interactions should be 75.2 nm. If only 
intermolecular hydrophobic associations were present in the copolymers, the size of the 
hydrodynamic radius should be twice the size of poly(N-hydroxyethyl acrylamide) (PHEAAm0, 
RH= 74.3 nm). The size of 87.2 nm suggests that intermolecular as well as intramolecular 
hydrophobic associations were present in the aqueous polymer solutions. The higher apparent 
viscosity of the copolymers at low concentrations and at constant shear rate (Section 6.2.2 Figure 
6.4) supports the presence of intermolecular hydrophobic associations. Poly(N-hydroxyethyl 
acrylamide) itself did not have any drag reducing properties, however the results clearly showed 
that the simple modification of this polymer with pendant hydrophobic groups imparted drag 
reducing properties. McCormick et al. [19] showed in their studies, that the extent of polymer-
polymer and polymer-solvent interactions have a great effect on drag reduction performance. 
Enhanced drag reduction (DR) was observed for hydrophobically modified polymers when 
intermolecular molecular associations were present, and the solvent promoting the 
intermolecular hydrophobic associations promoted higher drag reduction. From the obtained 
results two conclusions could be drawn: the introduction of hydrophobic motieties reduced 
solvent quality and resulted in more closed conformation (stronger polymer-polymer 
interactions) but in the same time hydrophobic moieties associated intermolecularly resulting in 
higher apparent molecular weight; therefore the efficient drag reduction effect was observed 
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.  
Sample 
Mw 
(kDa) 
PDI 
H 
(mol%)
NMR
 
NH 
DR0.5mg·g-1 
(%) 
RH 
(nm) 
HED1 656 1.7 0.73 1.55 43 87.2±1.65 
HED2 792 2.2 0.51 1.08 53 90.7±1.2 
HED3 706 2.2 0.33 0.61 8 85.9±2.9 
HEOD1 204 1.5 0.11 0.24 0 62.4±1.8 
PHEAAm0 633 1.8 0 0 0 74.3±3.3 
PAAm 1085 2.1 0 0 45 63.6±2.7 
Table 6.2. Molecular parameters of the modified poly(N-hydroxyethyl acrylamide) copolymers 
obtained from the GPC analysis and Dynamic Light Scattering (DLS). Where NH is the number 
of hydrophobes per surfactant micelle, Mw is the weight average molecular weight, PDI is the 
polydispersity index, H (mol%) is the molar percentage of hydrophobic moieties in polymer and 
RH is the hydrodynamic radius. HED= poly(N-hydroxyethyl acrylamide-co-n-decyl acrylamide) 
HEOD= poly(N-hydroxyethyl acrylamide-co-n-octadecyl acrylamide), PHEAAm0= poly(N-
hydroxyethyl acrylamide). 
6.3. Summary 
The objective of the work described in this chapter was to investigate the possibility of the 
utilisation of poly(N-hydroxyethyl acrylamide) and its copolymers as a potential drag reducing 
agents. The water-soluble hydrophobically modified poly(N-hydroxyethyl acrylamide) 
copolymers with varying degree of hydrophobicity were successfully synthesised using micellar 
polymerisation. 
1
H NMR spectra of the water soluble polymers demonstrated the successful 
incorporation of hydrophobic groups into the copolymers. The effect of the concentration of the 
incorporated hydrophobic moieties and the length of the hydrophobic block on the properties of 
polymers was demonstrated by rheology. It was shown that hydrophobic intermolecular 
associations as well as intramolecular hydrophobic interactions exist even in dilute concentration 
regime. The polymers containing high concentrations of n-decyl acrylamide (HED1 and HED2) 
showed a sharp increase in apparent viscosity with increasing concentration of polymers (above 
1 mg·g
-1
) due to strong intermolecular hydrophobic association. The pronounced shear thinning 
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for copolymers HED1 (0.73 mol% DAAm) and HED2 (0.51 mol% DAAm) was associated with 
the orientation and the disentanglement of polymer chains under the shear, which was a result of 
the breaking up of the hydrophobic intermolecular associations.  
Drag reduction studies carried out for the water soluble samples showed that the homopolymer 
PHEAAm0 did not reduce drag. This was due most likely due to highly expanded open random 
coil conformation, incapable of suppression of turbulence at the Reynolds numbers studied. The 
incorporation of hydrophobic moieties was found to impart drag reduction behaviour into 
poly(N-hydroxyethyl acrylamide), due to two effects: weakened polymer-solvent interactions 
resulting in less expanded conformation and intermolecular hydrophobic associations resulting in 
higher apparent molecular weight. The drag reduction of hydrophobically modified poly(N-
hydroxyethyl acrylamide) was found to be higher than that of polyacrylamide. This was linked to 
the presence of intermolecular hydrophobic associations resulting in higher hydrodynamic radii 
and higher apparent molecular weight. 
This study demonstrated that the incorporation of a small concentration of hydrophobic moieties 
into poly(N-hydroxyethyl acrylamide) imparted its drag reducing properties. The drag reduction 
effect created by the incorporation of the associating hydropobic moieties exceeded the drag 
reduction of polyacrylamide.  
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Chapter 7  
Sulfonated copolymers of styrene and butadiene 
7.1. Introduction 
In the previous chapters, the influence of the molecular characteristics of polymers on drag 
reduction performance was demonstrated. It was established that the incorporation of small 
amounts of hydrophobic moieties into the polymeric structures was sufficient to induce or 
improve the drag reduction efficiency and shear stability of polymers. For example, the 
introduction of hydrophobic groups into water soluble poly(N-hydroxyethyl acrylamide) was 
found to induce drag reducing properties in water.  
Hydrophobic polymers are also known to reduce drag as effectively as water soluble polymers. 
Polystyrene and polybutadiene are examples of hydrophobic homopolymers displaying such 
properties in organic solvent [76, 87, 199, 252, 253]. It would therefore be of interest to 
investigate the modification of these polymers to render them water soluble, in order to 
determine if they are able to reduce drag in water.  
The functionalisation of polymers of styrene has been demonstrated in Chapter 2 to occur via the 
aromatic electrophilic substitution, and the sulfonation of block polymers containing moieties 
with π-bonds is well known [180, 254, 255]. It has been shown that the partial sulfonation of the 
diblock or triblock copolymers of styrene and isoprene can create polymers that form micellar-
like structures in water due to hydrophobic interactions [192, 193]. The presence of sulfonate 
functionalities and hydrophobic moieties in the polymers of acrylamide has been also 
demonstrated to increase the shear stability and salt resistance of these polymers, as well as an 
increased stability to high temperatures [256]. Perricone et al. also showed that vinyl sulfonate 
copolymers are more effective drag reducing agents in high temperature oil field operations 
because they are more hydrolytically and enzymatically stable [257]. The partial sulfonation of 
polystyrene and polybutadiene was therefore performed to impart water solubility. It is 
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postulated that these polymers would be able to reduce drag (via hydrophobic associations) in 
aqueous solutions with the added benefit of being able to withstand the high temperature that can 
be encountered in oil and gas resevoirs.  
In this chapter, the synthesis, the rheology and the drag reducing properties of sulfonated 
poly(styrene-block-butadiene) copolymers is described. The details of the synthesis and 
characterisation procedures are presented in Chapter 3. The influence of the acetyl sulfate 
concentration, the sulfonation time and the reaction temperature on the degree of sulfonation is 
demonstrated. The influence of the degree of sulfonation in water-soluble polymers on chain 
mobility, thermal stability, rheology and drag reducing properties is also reported. The shear 
resistance of polymers as a function of the degree of sulfonation of the block copolymers is also 
reported.  
 
7.2. Results and discussion 
7.2.1. Sulfonation of poly(styrene-block-butadiene) 
A series of sulfonated poly(styrene-block-butadiene) polymers were synthesized using variable 
concentrations of acetyl sulfate with respect to the polymer. Polymers generally become more 
water soluble with the increasing amount of sulfonate groups that are incorporated. However, 
there is a higher probability of crosslinking occurring (sulfone formation) with increasing 
amounts of sulfonate groups [176]. The amount of the sulfonating agent, sulfonation time and 
temperature was therefore varied in order to achieve optimal water solubility without occurrence 
of crosslinking. The extent of sulfonation was evaluated by elemental analysis and the data is 
presented in Table 7.1, together with the obtained degrees of sulfonation.  
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Sample 
Yield 
(g) 
(%) 
SD 
designed 
(mol%) 
SD 
(mol%) 
Solubility 
THF/H2O 
%/% 
 
SSB1 
0.4102 
84.5 
72 6.68 90/10 
SSB2 
0.441 
71.96 
72 21.74 56/44 
SSB3 
0.520 
83.2 
140 43.5 25/75 
SSB4 
0.520 
79.83 
290 46.33 15/85 
SSB5 
0.512 
77.21 
574 46.98 10/90 
SSB6 
0.556 
66.78 
574 66.28 0/100 
SSB7 
0.414 
70.57 
1149 24.89 60/40 
SSB8 
0.664 
98.54 
1149 53.55 2/98 
SSB9 
0.407 
61.99 
1149 42.27 27/73 
SSB10 
0.656 
92.06 
1149 57.06 0/100 
SSB11 
0.571 
93.94 
1720 33.72 40/60 
SSB12 
0.5688 
93.75 
2295 33.07 40/60 
Table 7.1. Properties of sulfonated poly(styrene-block-butadiene). SD is the degree of 
sulfonation (extent of sulfonation) determined by elemental analysis and calculated from 
equations (14)-(18) in Chapter 3 section 3.5.9. 
The extent of sulfonation was found to be lower than desired degree of sulfonation (See Table 
7.1 and Table 3.4 Chapter 3). Additionally the degree of sulfonation at a constant temperature 
was found to increase before reaching a maximum point, after which the extent of sulfonation 
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decreased (Figure 7.1). This suggests that sulfonation became more difficult as the degree of 
sulfonation increased. The reason behind this could be due to the decrease in the solubility of the 
more polar sulfonated polymers in a less polar solvent that was used in the sulfonation reaction, 
which caused contraction of the polymeric chains [180, 182, 188].  
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Figure 7.1. Yield of sulfonation of poly(styrene-block-butadiene) at 25ºC and at a sulfonation 
time of 24 hours. 
The decrease in the degree of sulfonation at high concentrations of acetyl sulfate (above 1250 
mol%) could be also explained by the reversibility of the reaction. Since each reaction step was 
in equilibrium, the conditions of the reaction could heavily affect the yield through disruption of 
this equilibrium [178, 258]. High concentrations of acetyl sulfate used also mean that high 
concentrations of acetic acid were produced. This shifted the equilibrium to the left and 
desulfonation occured (Figure 7.2). 
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Figure 7.2. The mechanism of sulfonation of poly(styrene-block-butadiene) by acetyl sulfate. For 
clarity 1,2 butadiene sulfonation is omitted. 
The dependence of the extent of sulfonation on reaction time is presented in Figure 7.3. The 
degree of sulfonation was found to initially increase with time before reaching a maximum, 
whereupon it started to decrease. Idibie et al. observed polymer degradation at high 
concentrations of chlorosulfonic acid (another type of sulfonating agent) [254]. This implies that 
there is an optimal degree of sulfonation and any further attempts to increase the degree of 
sulfonation will result in polymer degradation. The extent of sulfonation was also found to 
increase with temperature. When the reaction temperature was raised from 25 ºC to 40ºC, almost 
20 % increase in the degree of sulfonation was observed when the concentration of acetyl sulfate 
was at moderate level (574 mol%, see Table 3.4, samples SSB5 and SSB6). At higher 
concentrations of the sulfonating agent, the extent of this increase was not that large (1149 mol 
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%, SSB8 and SSB10). This is in agreement with previous reports on the sulfonation of polyvinyl 
aromatics [178]. 
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Figure 7.3. Time dependence of the degree of sulfonation of poly(styrene-block-butadiene). 
Studied at 25ºC and with 5.74 mol eq. of acetyl sulfate to 1 mol eq. of polymer. 
The synthesized polymers were all soluble in mixtures of tetrahydrofuran and deionised water. 
As expected, the water solubility was found to increase with increasing degree of sulfonation. 
Moreover, samples SSB6 (SD= 66.28 mol%) and SSB10 (SD= 57.06 mol%) were found to be 
soluble in deionised water and in mixtures of water with dimethyl sulfoxide (DMSO) or 
methanol (MeOH). Sample SSB8 (SD= 53.55 mol%) was found to be soluble in a mixture of 
water and acetone; however some small gel particles were observed in deionised water.  
The weight average molecular weight of the sulfonated copolymers could not be determined by 
Gel Permeation Chromatography, due to strong interactions between the sulfonate groups and 
the column, as well as interactions within the hydrophobic chains. 
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7.2.3. Characterisation of sulfonated poly(styrene-block-butadiene) 
FT-IR and 
1
H-NMR analyses were used to confirm sulfonation and to determine the extent of 
sulfonation. Figure 7.4 and Figure 7.5 compares the FT-IR spectra of poly(styrene-block-
butadiene) before and after sulfonation.  
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Figure 7.4. Infrared spectrum of poly(styrene-block-butadiene) before (a) and (b) after 
sulfonation (SSB1, SD= 6.68 mol%). 
The characteristic absorption bands for polybutadiene units were observed at 966, 1640 and 3100 
cm
-1
 and those at 750, 905, 1650 cm
-1
 were due to the phenyl rings of the polystyrene units. The 
existence of the absorption band at 3490 cm
-1 
was attributed to the OH stretch from the sulfonic 
acid group and was observed even at very low degree of sulfonation (Figure 7.4). The adsorption 
bands at 1034 and 1162 cm
-1
 were due to the vibration of the sulfonic acid group (O=S=O) in the 
sulfonated polymer. The band at 1650 cm
-1
 became more intense with increasing degree of 
sulfonation. This wave number is characterised by the vibration modes of the phenyl group. 
 
Additionally, the sulfonated polymers showed a clear decrease in the relative intensity of the C-
H (3100 cm
-1
) and C=C (966 cm
-1
) adsorbtion bands which corresponds to the adsorption of 
butadiene, although band at 3100 cm
-1
 also corresponds to adsorption of C-H in benzene ring. 
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This demonstrates that sulfonation occurred not only at polystyrene segments but also at the 
polybutadiene segments. 
4000 3500 3000 2500 2000 1500 1000 500
 
 
T
 (
%
)
cm
-1
)
a
b
 
Figure 7.5. Infrared spectrum of poly(styrene-block-butadiene) before (a) and (b) after 
sulfonation (SSB6, SD= 66.28 mol%). 
Figure 7.6 and Figure 7.7 show the 
1
H NMR spectra of poly(styrene-block-butadiene) before 
and after sulfonation (SSB6, SD= 66.28 mol%), respectively. The proposed structure is presented 
in Figure 7.8. The spectrum of the sulfonated sample was taken in a mixture of 25% deuterated 
THF and 75% D2O. Samples in pure D2O were very viscous and therefore the 
1
H NMR spectra 
could not be obtained. The disappearance of the signals at 2.0, 2.5 and 5.0-5.7 ppm (attributed to 
polybutadiene) was observed in the sulfonated polymer, confirming that the sulfonation of 
polybutadiene did occur. Additionally, the appearance of a new signal at 7.5 ppm, attributed to 
the substituted polystyrene (the aromatic hydrogen signals absorption range), could be assigned 
to the successful sulfonation of polystyrene.  
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Figure 7.6. 
1
H NMR spectrum of poly(styrene-block-butadiene) before sulfonation in d8-THF. 
 
Figure 7.7. 
1
H NMR spectrum of poly(styrene-block-butadiene) after sulfonation in a mixture of 
25% d8-THF and 75% D2O (SSB6, SD= 66.28 mol%). 
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The peaks arising from the protons adjacent to the sulfonic acid and carbonyl groups in 
sulfonated polybutadiene were expected to appear at ~3.7 ppm, however the peaks could not be 
distinguished due to signal overlap with d8-THF. The small peak at 0.8 and the sharp peak at 1.4 
ppm can be assigned to the end groups from the tert-butyl lithium initiator. This is in agreement 
with literature reports [259, 260]. 
 
Figure 7.8. Chemical structure of poly(styrene-block-butadiene) before and after sulfonation with 
acetyl sulfate. 
 
7.2.4. Thermal analysis of sulfonated poly(styrene-block-butadiene) 
The thermal properties of sulfonated poly(styrene-block-butadiene) were studied using 
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) but if the 
glass transition temperature (Tg) could not be determined by DSC, Dynamic Mechanical 
Analysis (DMA) was used. These studies were performed in order to determine an influence of 
the degree of sulfonation on the thermal stability and the chain flexibility of polymers.  
The thermal stability of poly(styrene-block-butadiene) and sulfonated derivatives was studied 
under nitrogen at a heating rate of 10ºC·min
-1
 in the range of temperature of 30 ºC to 600ºC. The 
analysis revealed that a thermal stability for SSB6 (SD= 66.28 mol%) and SSB10 (SD= 57.06 
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mol%) decreased in comparison to the unmodified poly(styrene-block-butadiene) (Figure 7.9 
and Figure 7.10).  
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Figure 7.9. Thermogravimetric curves of poly(styrene-block-butadiene) (PS-b-PB) and 
sulfonated water soluble poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) and SSB10 
(SD= 57.06 mol%). 
The sulfonated polymers exhibited three different distinct degradation steps. The first weight loss 
corresponded to the loss of water molecules that were strongly bound via hydrogen bonding to 
the sulfonic acid groups. The second weight loss at around 230ºC was due to the loss of the 
sulfonic acid group -SO3H (desulfonation). The third weight loss around 339-369ºC was due to 
the degradation of the polymer chains. Poly(styrene-block-butadiene) showed a weight loss 
process, with its onset at approximately 339ºC and a single step decomposition was observed 
(Figure 7.10). The degradation temperature was within close proximity to the values reported in 
literature [182]. Even though the thermal stability of polymers SSB6 (SD= 66.28 mol%) and 
SSB10 (SD= 57.06 mol%) decreased with increasing degree of sulfonation, the degradation 
temperature of the polymer’s backbone was found to increase. This could be due to an increase 
in the rigidity in copolymers with increases in the degree of sulfonation. Nevertherless, the 
temperature stability of sulfonated copolymers remained relatively high and was comparable to 
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polyacrylamide [261]. The degradation temperatures of the copolymers are summarised in Table 
7.2. 
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Figure 7.10. Thermogravimetric derivative weight curves for poly(styrene-block-butadiene) (PS-
b-PB) and sulfonated water soluble poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) and 
SSB10 (SD= 57.06 mol%). 
It is well known that drag reduction is strongly affected by the flexibility of the polymers used 
[10, 34, 77]. It is therefore vital to test the level of flexibility of these polymers to predict their 
behaviour as drag reducing agents. Differential Scanning Calorimetry (DSC) and Dynamic 
Mechanical Analysis (DMA) have been used to study the thermal behaviour of the synthesised 
sulfonated block copolymers and starting polymer. All samples were investigated in the 
temperature range of -150°C to 250°C at a heating rate of 10°C∙min-1. The thermograms of the 
sulfonated water soluble polymers SSB6 (SD= 66.28 mol%), SSB10 (SD= 57.06 mol%) and 
poly(styrene-block-butadiene) are presented in Figure 7.11 (first heating curve) and Figure 7.12 
(second heating curve). The dynamic mechanical curves were obtained at a heating rate of 
5ºC·min
-1
 at frequency of 1 Hz and are additionally presented in Figure 7.13. Only tan δ values 
were used since the loss and storage modulus obtained from this analysis were not attributed to 
the properties of the sample but to the metal powder cell. The glass transition temperatures of the 
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copolymers were determined from the second heating cycles and DMA curves. The glass 
transition temperatures of poly(styrene-block-butadiene) and sulfonated poly(styrene-block-
butadiene) are summarised in Table 7.2. 
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Figure 7.11. DSC curves of poly(styrene-block-butadiene) (PS-b-PB) and water soluble 
sulfonated poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) and SSB10 (SD= 57.06 
mol%)  for the 1
st
 heating cycle. 
Both samples of sulfonated poly(styrene-block-butadiene) exhibited an endothermic peak at 
110°C (SSB10, SD= 57.06 mol%) and 125ºC (SSB6, SD= 66.28 mol%) as shown in the first 
heating curves in Figure 7.11. This is attributed to the presence of the sulfonic acid groups on the 
polymer chains [179, 262]. These transitions were irreversible as indicated in the second heating 
curves (Figure 7.12). Two glass transition temperatures of 64.6ºC and 86.0ºC were also observed 
for the unmodified poly(styrene-block-butadiene) (Figure 7.11). This could be attributed to 
phase separation arising from the chemical compositon of poly(styrene-block-butadiene), which 
was supplied as a blend of poly(styrene-block-butadiene) and pure polystyrene (5 % polystyrene) 
[263]. The broad exothermic peak observed in the DSC thermogram of poly(styrene-block-
butadiene) (as shown in the first heating curve at 208ºC in Figure 7.11) can be the result of the 
vulcanisation of the polybutadiene [264]. 
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Figure 7.12. DSC curves of poly(styrene-block-butadiene) (PS-b-PB) and water soluble 
sulfonated poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) and SSB10 (SD= 57.06 
mol%)  for the 2
nd
 heating cycle. 
The glass transition temperatures of polystyrene (TgPS) and polybutadiene (TgPB) segments were 
shifted to higher temperatures (TgPS from 85.7ºC (DMA value, 100ºC DSC value) to 140ºC for 
SSB10 (SD= 57.06 mol%)  and 168.3ºC for SSB6 (SD= 66.28 mol%), TgPB from -80.5 ºC to -
81ºC for SSB10 and -70.9ºC for SSB6) as compared to poly(styrene-block-butadiene) (from 
DMA analysis Figure 7.13, maximum peak value of tan δ and DSC Figure 7.11, Figure 7.12 and 
Table 7.2). The introduction of sulfonate groups resulted in an increase in molecular interaction 
by the pendant sulfonate groups and introduced bulkiness into the copolymers (change in 
microstructure). These effects hindered the chain movements of the polymer molecule and 
resulted in an increase in the glass transition temperatures for the sulfonated polymers [265]. The 
results indicated that the copolymers became more rigid upon sulfonation and the rigidity 
increased with degree of sulfonation. These results are in agreement with literature reports [179]. 
The changes in the glass transition temperatures of the polybutadiene and polystyrene segments 
confirmed that the sulfonation of polymer occurred in both polystyrene and polybutadiene. This 
indicates that acetyl sulfate was not selective towards styrene segments. 
  
171 
 
0.020
0.025
0.030
0.035
0.040
0.045
0.050
0.055
25 50 75 100 125 150 175 200 225 250 275
 
 
 PS-b-PB
ta
n
 d
e
lt
a
T (
o
C)
 SSB6
 SSB10
 
Figure 7.13. DMA tan δ curves of poly(styrene-block-butadiene) (PS-b-PB) and water soluble 
sulfonated poly(styrene-block-butadiene) SSB6 and SSB10 obtained at 1 Hz. 
Sample 
SD 
(mol%) 
Tg1PB 
(ºC) 
DSC 
Tg2PS 
(ºC) 
DSC 
TgPS 
 (ºC) 
DMA 
Td1 
(ºC) 
(%) 
 
Td2 
(ºC) 
(%) 
Td3 
(ºC) 
(%) 
poly(styrene-
block-
butadiene) 
0 -80.5 
64.6 and 
86.0 (1
st
 
heat), 
100.7 (2
nd
 
heat) 
85.7 
339.0 
98.4 
- - 
SSB6 66.28 -70.9 - 168.3 
130.7 
8.0 
241.4 
10.7 
368.7 
32.6 
SSB10 57.06 -81.0 - 140 
123.7 
11.5 
235.9 
11.2 
339.7 
35.9 
Table 7.2. Tg of polybutadiene and polystyrene segments and Td with corresponding weight loss 
for poly(styrene-block-butadiene) and water-soluble sulfonated polymers SSB6 and SSB10 as 
measured by DSC, DMA and TGA. 
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7.2.5. Rheology of water soluble sulfonated poly(styrene-block-butadiene) 
The influence of the concentration of aqueous solutions of sulfonated poly(styrene-block-
butadiene) on flow properties of sulfonated copolymers was studied (at constant shear rate of 10 
s
-1
 and at shear rate ramp from 7s
-1
 to 1000s
-1
) . It can be seen from Figure 7.14 that the apparent 
viscosity of sample SSB10, containing 57.07 mol% of sulfonic acid groups, was higher than the 
apparent viscosity of sample SSB6, containing 66.28 mol% sulfonic acid groups, throughout the 
concentration range studied.  
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Figure 7.14. Apparent viscosity as a function of concentration of the aqueous solutions of 
sulfonated polymers poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) and SSB10 (SD= 
57.06 mol%) at 10 s−1 and 25°C. 
The higher apparent viscosity of polymer SSB10 (SD= 57.06 mol%)  in comparison to polymer 
SSB6 (SD= 66.28 mol%) can be explained by the higher amount of hydrophobic moieties 
present. The higher amount of hydrophobic moieties resulted in stronger intermolecular 
hydrophobic association, which in turn led to a higher apparent viscosity and higher apparent 
molecular weight [26, 208]. Additionally, the apparent viscosity of both samples increased at a 
concentration between 0.25 to 0.4 mg·g
-1
. This behaviour is well-known for hydrophobically 
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modified polymers and the inflection point above which the apparent viscosity increased is 
called critical aggregation concentration [130, 203].  
The influence of the strength of the hydrophobic association on apparent viscosity was also 
evident in Figure 7.15 and Figure 7.16.  
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Figure 7.15. Shear rate dependence on the apparent viscosity of the aqueous solutions of 
sulfonated poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) studied at various polymer 
concentrations at 25°C (logarithmic scale). 
At low concentrations, both polymers showed slight shear-thinning behaviour. However, at 
higher concentrations a more pronounced shear thinning behaviour was observed for sample 
SSB6 (SD= 66.28 mol%) and conversely for sample SSB10 (SD= 57.06 mol%), shear-
thickening behaviour at concentrations of 0.4 and 0.5 mg·g
-1
. The shear-thinning behaviour of 
copolymer SSB6 was due to the orientation and disentanglement of the polymer chains under 
shear, which was associated with the breaking of the hydrophobic intermolecular associations. 
The shear-thickening behaviour of hydrophobically modified polymers has been the object of 
several theoretical approaches [266, 267]. The most common explanation of this phenomenon is 
that the shear stress shifts the balance between intra- and intermolecular hydrophobic 
associations. Witten and Cohen [268] suggested that intermolecular associations are favoured 
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over intramolecular associations due to chain stiffening under shear. The shear thickening 
behaviour of sulfonated polymers containing a certain concentration of hydrophobic moieties can 
be attributed to the effect of chains stretching and rotation under applied shear, which induces the 
formation of a gel-like network, formed of polymer chains connected via hydrophobic junctions 
(Figure 7.17).  
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Figure 7.16. Shear rate dependence on the apparent viscosity of the aqueous solutions of 
sulfonated poly(styrene-block-butadiene) SSB10 (SD= 57.06 mol%) studied at various polymer 
concentrations at 25°C (logarithmic scale). 
When the shear rate was increased even further, shear-thinning was observed for copolymer 
SSB10. This behaviour can be attributed to the breakage of hydrophobic junctions in the gel-like 
network, due to the limiting shear rate being reached [221]. From the obtained data, it is apparent 
that shear-thickening behaviour is only observed if the sulfonated poly(styrene-block-butadiene) 
contains a certain concentration of hydrophobic moieties. The concentration required has to be 
high enough to form a strong transient gel-like network and, therefore no shear-thickening 
behaviour was observed for sample SSB6 (SD= 66.28 mol%), which contained 10 % less 
hydrophobic groups in comparison to sample SSB10 (SD= 57.06 mol%). 
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Figure 7.17. Illustration of shear-thickening behaviour in associating polymers [266]. 
7.2.6. Instantaneous drag reduction of sulfonated poly(styrene-block-
butadiene) 
The influence of the concentration of solutions of sulfonated poly(styrene-block-butadiene) on 
drag reduction was studied using a rheometer with double-gap geometry at 25ºC. The drag 
reduction value reported was the maximum drag reduction achieved in the first 5 minutes of a 
measurement. For both polymers, the percentage of drag reduction increased with increasing 
polymer concentration (Figure 7.18). However, drag reduction did not plateau in the range of 
concentrations studied suggesting that further increases in drag reduction could be obtained. The 
levelling of drag reduction with increasing polymer concentration is a characteristic behaviour 
for many commercially available polymers for example PAAm (Figure 7.18). The value of drag 
reduction achieved by polymer SSB10 (SD= 57.06 mol%) was found to be similar to that of 
polyacrylamide at the polymer C= 0.5 mg·g
-1
, however the molecular weight of the sulfonated 
polymer was considerably lower than that of the polyacrylamide (Mw= 1085 kDa). The weight 
average molecular weight of the unmodified poly(styrene-block-butadiene) was equal to 143 
kDa. The theoretical molecular weight of the fully sulfonated copolymer, calculated from 
equation 25, was equal to Mw~ 316.5 kDa and the approximate weight average molecular weight 
of sulfonated polymers (assuming that all of the butadiene repeat units were sulfonated) SSB6 
and SSB10 was around 210-220 kDa: 
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                           (25) 
Where DPPB is the weight average degree of polymerisation of the polybutadiene segments 
(DPPB= 450), DPPS is the weight average degree of polymerisation of the polystyrene segments 
(DPPS= 1141), MwSB is the molecular weight of the sulfonated butadiene unit, 236.074 g·mol
-1
 
and MwSS is the molecular weight of the sulfonated styrene unit, 184.255 g·mol
-1
. 
The behaviour of sulfonated poly(styrene-block-butadiene) could be explained by the formation 
of large macromolecules of higher apparent molecular weight as a result of intermolecular 
hydrophobic associations. The achievement of such high drag reduction using water soluble 
polymers with molecular weights well under 500 kDa was not yet reported in the literature. 
Moreover, it was stated that polymers with molecular weights below 500 kDa did not reduce 
drag effectively [10]. 
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Figure 7.18. Percentage drag reduction as a function of polymer concentration for sulfonated 
poly(styrene-block-butadiene) SSB6 (SD= 66.28 mol%) and SSB10 (SD= 57.06 mol%) and 
commercial PAAm (PAAmC Mw= 1085 kDa) obtained at 25ºC in turbulent Taylor Flow.  
The higher drag reduction of polymer SSB10 (SD= 57.06 mol%) over polymer SSB6 (SD= 
66.28 mol%) can not be explained in terms of molecular weight, since the molecular weight of 
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polymers with higher degrees of sulfonation should be even higher. The higher drag reduction 
could be explained by the existence of stronger intermolecular associations in SSB10, due to 
higher concentration of hydrophobic moieties. The stronger associations in this polymer resulted 
in a higher apparent molecular weight, that of the sulfonated poly(styrene-block-butadiene) 
aggregate, hence a higher drag reduction was seen. The lower drag reduction observed for SSB6 
could be also explained in terms of chain flexibility and the number of side branches (sulfonic 
acid groups). It is well known that rigidity of polymers and the degree of branching affects drag 
reduction [30]. Flexible polymers interact with the turbulent vortices more effectively than rigid 
polymers and the more branched the polymer is, the less effective the drag reduction. Polymer 
SSB6 (SD= 66.28 mol%) had higher degree of bulky sulfonic acid groups than copolymer 
SSB10 (SD= 57.06 mol%). These bulky sulfonic acid groups prevented free chain movement 
and constrained polymer rotation and stretching while interacting with turbulent Taylor vortices 
therefore affected polymer’s flexibility. Highly sulfonated polymer SSB6 therefore exhibited 
lower drag reduction. The data obtained by the DLS showed that the hydrodynamic radius of 
copolymer SSB6 (SD=66.3 mol%) in deionised water was equal to 302.6 ± 6.2 nm and the 
hydrodynamic radius of copolymer SSB10 (SD=57 mol%) was equal to 157.8 ± 10.2 nm. Based 
on these results more open conformation of copolymer SSB6 should result in higher drag 
reduction. However, it is known that the polymers assuming highly expanded conformation are 
more effective in reducing drag at lower Reynolds numbers since low shear rates are only 
required to unravel these polymers. Consequently, at the Reynolds numbers and concentrations 
of polymers studied in this research, less open conformation of SSB10 was more effective than 
highly expanded conformation of SSB6. 
 
7.2.7. Time dependent drag reduction of sulfonated poly(styrene-block-
butadiene) 
The introduction of sulfonic acid groups into polymers was found by Sabhapondit et al. to 
improve the shear stability of polymers of acrylamide [256]. It is also known that the 
introduction of hydrophobic groups into polyacrylamide results in the formation of hydrophobic 
aggregates that improves shear stability of polymers, allowing polymers to be reused [109]. 
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Therefore the drag reduction of sulfonated polymers was studied at constant shear rate of 11200 
s
-1
 and at the polymer concentration of 0.5 mg·g
-1
. The polymers were sheared in six consecutive 
cycles lasting 30 minutes each. After each shearing cycle the shearing force was removed and 
polymer was allowed to rest for an hour in a double-gap cell to allow full relaxation of the 
polymer chains to its original structure.  
The drag reduction (DR) by SSB6 (SD= 66.28 mol%) (Figure 7.19) slightly increased initially 
and thereafter remained constant. The drag reduction of SSB10 (SD= 57.06 mol%) (Figure 7.20) 
also increased initially however it decreased after 5 minutes of shearing to level off at a lower 
level. 
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Figure 7.19. Drag reduction as a function of time for sulfonated poly(styrene-block-butadiene)  
SSB6 (SD= 66.28 mol%) measured at γ= 11200 s-1 and polymer concentration C= 0.5 mg·g1. 
Error 0.5-1.5 %. 1 to 6 is the number of shearing cycle. 
 
  
179 
 
0 200 400 600 800 1000 1200 1400 1600 1800
0
10
20
30
40
50
60
70
 
 
D
R
 (
%
)
Time (s)
 1
 2
 3
 4
 5
 6
 
Figure 7.20. Drag reduction as a function of time for sulfonated poly(styrene-block-butadiene)  
SSB10 (SD= 57.06 mol%) measured at γ= 11200 s-1 and polymer concentration C= 0.5 mg·g1. 
Error 0.5-1.5 %. 1 to 6 is the number of shearing cycle. 
The increase in the drag reduction by polymers could be attributed to the creation of a gel-like 
network connected by the formation hydrophobic junctions. In turbulent Taylor flow, the 
polymer chains are elongated and unravelled as they absorb kinetic energy [34]. This elongation 
allows the further intermolecular hydrophobic associations to form, however the polymer 
molecules can only be stretched up to a certain extent until the gel-like network is destroyed and 
the non-associated polymer molecules become responsible for the observed drag reduction. The 
drag reduction of both polymers decreased after the 1
st
 shearing cycle (Figure 7.19 to Figure 
7.21), which suggests that the polymers underwent mechanical degradation.The decrease in drag 
reduction however, was less drastic for polymer SSB6. This was contrary to what was expected, 
since the polymer SSB10 associated to a greater extent due to its higher hydrophobicity. Since 
the extent of the drag reduction of copolymer SSB10 was dependent on the strength of 
hydrophobic associations thus, destruction of the physically crosslinked network would result in 
lower drag reduction of the copolymer. It is therefore possible that the reformation of the 
physically crosslinked network upon start of the second shearing cycle was not complete.  
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The higher shear resistance of SSB6 could be also attributed to higher rigidity imposed by higher 
concentration of sulfonic acid groups that acted as branches [30]. As a result the stress that SSB6 
experienced was most likely distributed among the individual polymer chains. Moreover, the 
sulfonic acid groups prevented free chain movements and as a result unravelling of the polymer 
chains in this polymer was sterically hindered. Therefore even though the initial drag reduction 
for SSB6 was lower, the steric hinderance imparted by sulfonic acid groups resulted in greater 
shear resistance.  
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Figure 7.21. Drag reduction as a function of number of shearing cycles for sulfonated 
poly(styrene-block-butadiene)  SSB6 and SSB10 as measured at polymer C=0.5 mg·g
1
 and γ= 
11200 s
-1
. Error 0.5-1.5 %. %. 
 
7.3. Summary 
The aim of the research described in this chapter was to investigate the drag reducing properties 
of partially sulfonated poly(styrene-block-butadiene) in water. Water-soluble poly(styrene-block-
butadiene) with varying degrees of sulfonation were successfully synthesised by aromatic 
electrophilic substitution with acetyl sulfate. FT-IR and Elemental Analysis confirmed the 
presence of sulfonic acid groups in polymers. The 
1
H NMR spectrum of the water soluble 
sulfonated poly(styrene-block-butadiene) demonstrated that sulfonation occurred on both the 
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polystyrene and polybutadiene segments illustrating the low selectivity of the sulfonating agent 
towards one monomer. The thermal properties by DSC, DMA and TGA showed that the 
sulfonated polymers were less thermally stable than the starting unsulfonated poly(styrene-block-
butadiene) and that the overall rigidity of the polymer increased with increasing extent of 
sulfonation. 
The effect of the partial sulfonation of poly(styrene-block-butadiene) on the viscoelastic 
properties was determined by rheology. The apparent viscosity as a function of polymer 
concentration was found to be lower for SSB6 (SD= 66.28 mol%) in comparison to SSB10 (SD= 
57.06 mol%). This was explained by the greater hydrophobicity of SSB10 and stronger 
intermolecular hydrophobic association. 
The polymer with the lower degree of sulfonation (SSB10, SD= 57.06 mol%) exhibited shear-
thickening behaviour, which was attributed to the strong association between hydrophobic 
segments in this copolymer. SSB6 exhibited shear-thinning behaviour, which was attributed to 
the breakdown of the hydrophobic associations in polymer and the deformation of polymeric 
coils under the applied shear. Drag reduction studies carried out for the water-soluble sulfonated 
poly(styrene-block-butadiene) showed that copolymers were efficient drag reducers. The SSB10 
exhibited excellent drag reducing performance at a much lower (nominal) molecular weight than 
polyacrylamide and the molecular weight that is necessary to impart good drag reducing 
properties. This finding was contrary to literature reports and showed that polymers of certain 
molecular characteristics can exhibit drag reducing performance exceeding commercially 
available polymers. The drag reduction by SSB10 was higher than the drag reduction by SSB6 
and this was attributed to stronger intermolecular hydrophobic association between unmodified 
segments in SSB10, higher flexibility due to lower concentration of bulky sulfonic acid groups 
and less expanded conformation. The shear stability of sulfonated poly(styrene-block-butadiene) 
was found to be dependent on the degree of sulfonation. SSB6 exhibited higher shear resistance, 
which was explained by the higher rigidity that was imparted by bulky sulfonic acid groups.  
This study demonstrated that the partial sulfonation of poly(styrene-block-butadiene) resulted in 
creation of excellent drag reducing agents. The high drag reduction of the sulfonated block 
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copolymer was achieved at molecular weights below the lower molecular weight limit that was 
reported to be necessary to achieve any drag reduction performance. 
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Chapter 8  
Summary and future work 
The main objective of the research described in this thesis was to synthesise water-soluble 
polymers that would display improved drag reducing properties and resistance to shear 
degradation. It was demonstrated that associating polymers exhibit these properties hence this 
class of polymers was primarily chosen for investigation. The second objective of this research 
was to identify suitable additives capable of breaking the hydrophobic associations between and 
within polymer chains in aqueous solutions. This would prevent or reduce the adsorption of 
polymers onto reservoir surfaces. 
 
8.1. Summary of the results 
To achieve the objectives of this research work firstly water-soluble hydrophobically modified 
polyacrylamide were synthesised by micellar polymerisation. The polymers were synthesised in 
order to investigate the role of molecular variables such as the influence of the strength of the 
hydrophobic association on the drag reducing performance. This research was carried out to fill 
the gaps in the literature such as understanding a role of the molecular variables, the alkyl chain 
length in the hydrophobic monomer, the length of the hydrophobic block or concentration of the 
hydrophobic moieties in the copolymer, in the shear stability of hydrophobically modified 
polyacrylamide.  
1
H NMR confirmed the successful incorporation of the hydrophobic moieties into the 
copolymers backbone. The water-solubility and the rheology of the obtained copolymers and the 
molecular weight were found to be dependent on the concentration and the type of the 
incorporated hydrophobic moieties as well as on the length of the hydrophobic blocks. The 
introduction of hydrophobic moieties into the polyacrylamide backbone was found to enhance 
the apparent viscosity of copolymers (as determined at low shear rate), due to the 
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intermolecularly associating hydrophobic groups. The increase in apparent viscosity was even 
more pronounced at higher polymer concentrations. The increase in the observed apparent 
viscosity was dependent on the length of the alkyl chain, the length of the block and the amount 
of incorporated hydrophobic moieties.  
The measurement of the instantaneous drag reduction for hydrophobically modified 
polyacrylamide showed that the drag reduction in deionised water was higher (55 to 67 %) for all 
of the copolymers studied in comparison to commercial polyacrylamide (48 %), despite the 
copolymers having lower molecular weights, and was dependent on the concentration of 
hydrophobic moieties and the molecular weight of copolymers. This indicated higher apparent 
molecular weights for hydrophobically modified polyacrylamide and the importance of intra- 
and intermolecular hydrophobic associations or of secondary bonds in the drag reduction. 
The time dependent measurements of drag reduction in the turbulent Taylor flow, showed that 
the drag reduction of the majority of copolymers decreased with increasing shearing time and the 
number of shearing cycles. Moreover, the magnitude of the decrease in the drag reduction and 
the shear resistance of copolymers was proportional to the concentration of the hydrophobic 
groups. Copolymer containing 0.33 mol% of n-decyl acrylamide (AD9) was found to be the most 
effective drag reducer in terms of shear stability.  
Drag reduction of copolymers measured in the 2% (w/w) potassium chloride and brine was 
found again to be dependent on the concentration of hydrophobic moieties. The copolymer 
containing the highest amount of n-decyl acrylamide moieties (0.65 mol%) exhibited an increase 
in drag reduction when dissolved in aqueous potassium chloride. This was attributed to the 
strengthening of the hydrophobic intermolecular associations. The percentage drag reduction of 
the majority of the copolymers in brine was lower than that of the same copolymers in deionised 
water. The drag reduction of copolymer containing 0.33 mol% of n-decyl acrylamide (AD9) was 
found to be unaffected by the presence of the monovalent and divalent ions. This demonstrated 
that this copolymer was the most efficient drag reducing agent in terms of performance, shear 
stability and resistance to salts. 
Moreover, a further aim of this work was to identify suitable additives capable of dissociating (or 
breaking) the hydrophobic associations between polymers or within a polymer chain. The 
1
H 
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NMR demonstrated that α- and β-Cyclodextrin formed inclusion complexes with the alkyl chains 
of n-decyl- and n-octadecyl moieties, which were incorporated into polyacrylamide. The 
formation of inclusion complexes of hydrophobically modified polyacrylamide with 
Cyclodextrins was further confirmed by rheology. This study showed a stronger tendency of β-
Cyclodextrin to form complexes with the copolymers containing the highest concentration of n-
decyl acrylamide (0.65 mol%) or n-octadecyl acrylamide. The instantaneous drag reduction as a 
function of Cyclodextrin concentration indicated that the changes in the drag reduction were 
caused by the modulation of the hydrophobic interactions. However, increasing the concentration 
of β-Cyclodextrin beyond the optimum ([CD]>1 mol eq.) mediated formation of polymer-
Cyclodextrin aggregates. This was evidenced by an increase in the observed percentage of drag 
reduction and increasing apparent viscosity. 
Drag reducing agents such as polyacrylamide or polyacrylic acid have been known to adsorb in 
oil and gas reservoirs. The adsorption of polymers especially in low permeability reservoirs 
requires expensive clean up operations and can result in a decrease in the yield of the production 
of gas or oil. A major disadvantage with the use of associating polymers as drag reducing agents 
is that adsorption on the reservoir surface has been shown to be more significant in comparison 
to non-associating polymer. This is due to the reformation of association when shear force is 
removed. It was therefore desirable to deactivate the hydrophobic associations to prevent 
adsorption of polymers in the low permeability reservior. The amount of polymer adsorption on 
silica was found to increase as a function of the polymer concentration and was dependent on the 
molecular weight of the polymer studied and the strength of the polymer-polymer interaction. 
The hydrophobic interactions were found to be responsible for a higher adsorption of the 
hydrophobically modified polyacrylamides onto the silica. The extent of polymer desorption 
from silica was found to be dependent on the type of Cyclodextrin used. It was possible to almost 
completely remove the majority of the copolymers studied by adding β-Cyclodextrin. This was 
due to the formation of strong inclusion complexes between Cyclodextrin and the hydrophobic 
moieties. It was even possible to partially desorb polyacrylamide by the addition of both α- and 
β-Cyclodextrin. This was considered to be either due to hydrogen bonding between the amide 
groups in PAAm and the hydroxyl groups present in Cyclodextrin or partial displacement of 
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polyacrylamide by the Cyclodextrins. This study demonstrated that inexpensive Cyclodextrin 
could potentially be utilised in the removal of polymer layers, which formed by the adsorption of 
drag reducing polymers, from the surface of the oil and gas reservoirs.  
Another objective of this research was to investigate drag reducing properties of poly(N-
hydroxyethyl acrylamide) and hydrophobically modified poly(N-hydroxyethyl acrylamide). 
Water-soluble poly(N-hydroxyethyl acrylamide) polymers with varying concentrations of 
hydrophobic moieties were synthesised by micellar polymerisation. 
1
H NMR spectra of the water 
soluble polymers demonstrated the successful incorporation of hydrophobic groups into the 
polymer backbone. The effect of the concentration of the incorporated hydrophobic moieties and 
the length of the hydrophobic blocks on the apparent viscosity of copolymer solutions was 
demonstrated by rheology. It was shown that hydrophobic intermolecular associations exist even 
in the dilute concentration regime. The polymers containing high concentrations of n-decyl 
acrylamide showed a sharp increase in apparent viscosity with increasing concentration (above 1 
mg·g
-1
). This was due to the strong intermolecular hydrophobic association. The pronounced 
shear thinning for the copolymers of poly(N-hydroxyethyl acrylamide) and n-decyl acrylamide 
HED1 (0.73 mol% of n-decyl acrylamide) and HED2 (0.51 mol% of n-decyl acrylamide) was 
associated with the orientation and disentanglement of the polymer chains under the shear. This 
behaviour was the result of the breaking up of the hydrophobic intermolecular associations.  
Drag reduction studies carried out for the water soluble samples showed that poly(N-
hydroxyethyl acrylamide) did not reduce drag. This was thought to be due to open conformation 
of this polymer which was incapable of suppressing turbulence at the Reynolds numbers studied 
in this research work. The incorporation of the hydrophobic moieties into the polymer structure 
was found to impart excellent drag reduction performance into poly(N-hydroxyethyl 
acrylamide). The drag reduction performance of copolymer of N-hydroxyethyl acrylamide and n-
decyl acrylamide (HED2, 0.51 mol% of n-decyl acrylamide) was found to reach 53 %. Moreover 
the drag reduction achieved with this copolymer was found to be higher than that of the 
commercially available polyacrylamide (48 %). This behaviour was linked to the intermolecular 
hydrophobic associations in the poly( N-hydroxyethyl acrylamide-co-n-decyl acrylamide) which 
resulted in higher apparent molecular weight.  
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The final objective of this research was to functionalise poly(styrene-block-butadiene) to impart 
water solubility and to investigate the drag reducing properties of water-soluble sulfonated 
poly(styrene-block-butadiene). Water-soluble poly(styrene-block-butadiene) with varying 
degrees of sulfonation were synthesised by aromatic electrophilic substitution with acetyl sulfate. 
Elemental Analysis confirmed the presence of the sulfonic acid groups in the polymers and FT-
IR and 
1
H NMR spectra of the water-soluble poly(styrene-block-butadiene) demonstrated that 
sulfonation occurred at both polystyrene and polybutadiene segments. This demonstrated the low 
selectivity of the sulfonating agent towards one monomer. The study of the thermal properties by 
DSC, DMA and TGA showed that the sulfonated polymers were less thermally stable than 
poly(styrene-block-butadiene) and that the rigidity of the polymers increased with increasing 
extent of sulfonation.  
The effect of the partial sulfonation of these polymers on the viscoelastic properties was 
demonstrated by rheology. The SSB10 (SD=57.06 mol%) had higher apparent viscosity than 
SSB6 (SD=66.28 mol%) and showed shear-thickening behaviour and this was due to the 
stronger intermolecular hydrophobic association in copolymer SSB6.  
Drag reduction studies carried out for the water-soluble sulfonated poly(styrene-block-butadiene) 
showed that the sulfonated polymers were efficient drag reducers and the percentage of drag 
reduction was dependent on the degree of sulfonation. SSB6 (SD=66.28 mol%) was less efficient 
due to more open structure and higher rigidity imparted by bulky sulfonic acid groups; hence it 
could not interact with Taylor vortices as effectively as SSB10 (SD=57.06 mol%). Moreover, 
SSB10 exhibited excellent drag reduction performance at molecular weights lower than the 
commonly accepted limit of the molecular weight necessary to observe good drag reduction 
effect. This finding was contrary to the literature reports and showed that polymers of certain 
molecular characteristics could exhibit drag reducing performance exceeding commercially 
available polymers.  
The study carried out in this thesis demonstrated excellent drag reducing properties of three 
different classes of hydrophobically modified polymers, hydrophobically modified 
polyacrylamide, hydrophobically modified poly(N-hydroxyethyl acrylamide) and sulfonated 
poly(styrene-block-butadiene). Moreover, the hydrophobically modified polymers of acrylamide 
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indicated higher shear resistance to mechanical degradation than polyacrylamide. This showed 
that these polymers could be successfully recycled in the repetitive hydraulic fracturing 
operations. The research also established that inexpensive Cyclodextrin could be used to desorb 
hydrophobically modified polymers completely from the surface of the reservoir. Moreover, it 
was even possible to partially desorb polyacrylamide.  
8.2. Future work 
The work presented in this thesis was focused on the synthesis of polymers with improved drag 
reducing properties and on addressing the problems associated with commercially available drag 
reducing agents. These problems were mechanical degradation of polymers and adsorption of 
commercially available drag reducing polymers such as polyacrylamide and its hydrophobically 
modified polymers onto the oil and gas reservoir surfaces. The obtained systems were found to 
be potentially useful drag reducing agents and the issue of polymer adsorption in the reservoir 
has been addressed and resolved. However, there are a number of actions which should be taken 
in order to fully characterize and further improve the developed systems. The following actions 
are recommended as a future work: 
 
 Synthesis of polyacrylamide and poly(N-hydroxyethyl acrylamide) polymers with higher 
molecular weight 
Knowing that the drag reducing effect caused by the polymers increase with increasing 
molecular weight, the synthesis of copolymers with as high molecular weight as possible should 
be attempted. Water in oil emulsion or microemulsion polymerisation is recommended as the 
preferable approach to obtain high molecular weight polymers at rapid reaction rates. The time 
dependent drag reduction of the poly(N-hydroxyethyl acrylamide) copolymers should be then 
determined. The drag reduction effect of homopolymer of N-hydroxyethyl acrylamide should be 
also studied at various Reynolds numbers to find the reason behind the lack of the drag reducing 
properties. 
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 Synthesis of block polymers and triblock polymers of styrene and butadiene with high 
molecular weight and subsequent sulfonation 
Drag reduction of sulfonated polymers was found to be sufficiently high in the turbulent Taylor 
flow; however polymers of higher molecular weight offer the benefits of the utilisation of lower 
polymer concentrations. Free radical emulsion polymerisation of styrene and butadiene results in 
very high molecular weight latex and could be used if the control over the structure is not 
important and random polymers are required. However, the conversion has to be kept relatively 
low to avoid crosslinking [269]. On the other hand, if a well-defined polymer structure, high and 
controlled molecular weight is required then living sequential polymerisation is the suggested 
method for obtaining these block copolymers. For example, living anionic polymerisation or 
combination of living anionic polymerisation and ATRP polymerisation could be used to obtain 
block copolymers of butadiene and styrene. ATRP has been shown to result in high molecular 
weights of over 10
6
 Da [270]. 
 
 Scaling up the polymerisation process  
In order to investigate the behaviour of the polymers in pipe flow and whether the polymers 
could actually be used on industrial scale, a scale up synthesis protocol should be devised. The 
first step should be to quantify the drag reduction in actual turbulent pipe flow in the rig 
described by Zadrazil et al.  [60]. 
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